Soil enhancement by fluid injection for in situ treatment of contaminated soil by Walter, David J.
TOTAL OF 10 PAGES ONLY 
MAY BE XEROXED 



SOlL ENHANCEMENT BY FLUID INJECTION 
FOR 
INSITUTREATMENT OF CONTAMINATED SOlL 
A their arbmined to the Schwl ofGraduatc Studicr 
m partial fulfilment of the requimcnr for the degree of 
Dostor ofPhilorophy 
F d t y  of  Engineering and Applied Science 
Memorial University ofNewfoundland 
l a c ~ w t a u m m h d i n t b c ~ o f h i ~ ~ d i ~ ~ t b c r o i l  
a u r o u ~ t b c w c l l b o n . Y i d u s t o ~ v u r a m d t o d n a i n r e u a d a c a t . i n  
m d i l i ~ n ~ h o u m r , o u . r ~ l l r o ~ ~ ~ B m ~ ~  
u ~ ~ m d ~ d i n g i n t r m i m . ~ ~ c t h n ~ ~ h o f ~ m ~ p I ~ n i s  
ia&nacedby.fompkrhmd&&ipbavanmurdgonad-ncn 
iacluding pon md k$+uiw E d  p p d e s ,  injstin, row dsuil* tbc moil amu nm, 
~ , ~ v e b c b . v i a v , m d ~ .  

TXBLE OF CONTENTS 
TITLE 
ABSTRACT 
2 2 Phvdul Processes for Edmwim In Sin T R P ~ ~  ............... 13 
CHAFWS 4 -REDUCED SCALE . 
4.1  ............................................... 74 
43 ~ ~ ~ g e M o d f f i g  .......................... 75 
4.2.1 -cnrcpU ................................. 76 
4.2.2 C - C O R E ~ g c C m m  ........................... 11 
4.3 I n j ~ T ~ S ~  ...................................... 84 
4.3.1 ChyytcBbrb ....................................... 84 
........................... 4.31 I T d m e m s i c m  86 
. . . .  
4 5.6.1 Chy tntkds .............................. 108 
........................... 4.5.6.2 Sity rand teabeds 109 
4.6 InjslDnTcaRdu ................................ 113 
4.6.1 Injdoaprrasuc .................................. 113 
4.6.2 Omundurf.Ec- ......................... I14 
...................... 46.3 W m d a t m t o f d y e t m r  I15 
CHAPTEE 5 . -CAL MODELLING OF FLUID INJECTON 
5.1 lmmhuMa ........................................... 166 
5.2.4 PISA ........................................... I70 
. . 
5.62 Injmiontm2FUC2 .............................. I94 
.............................. 5 6 3  W m t e a Z F l U C 3  197 
56.4 InjscliontestZFRAC4 .............................. 201 
5.6.5 I"jmiont*n2fRAC5 .............................. 201 
5.6.6 Injmiontm3FRACl .............................. 202 
5.6.7 lnjdiootea 3 W C 2  .............................. 203 
5.6.8 Injscliootat3FRAW .............................. 204 
5.6.9 b j m i o l  test 3FRAC4 ............................. 205 
5.6.10tnjoCLiontea3FRACS ............................. 205 
5.6.11 Inimiontat3FRAC6 .............................. 206 
5.7 I t e m h s o i F i e l d E x p n m e n t ~ i m  ....................... 209 
5.7.1 F!dd tcnFU)TSTI ................................ 209 
5.7.2 Fcld test FLD' 
5.8 WofCclmifurrr-SimAdms ................... 211 
5 8 2 Onrnfuie test CCFSOl B 212 
5 8 3 C d s  test CCFSOI C 212 
5 8 4  Cemnfugetest CCFSOI D 213 
5 8 5 Cmmfu~e l& CCIS02 E 214 
5 8 6 cmnfu ie  la CCIS02 F 215 
5 8 7 Ccnmfuge l a  CCFS02 G 215 
5 8 8 C d g e  tca CCFFO2 H 216 
5 8 9 Ccnmfugc ten CCFSOl 1 217 
5 8  lo OnmfugctcaCCFSOl J 217 
5 8 11 Ceoulfuge l a  CCbSO3 K 218 
5 8 12 C a D n f u s e ~  CCISO3 L 218 
5 8 13 Cenmfugc tcn CCFSC4 M 219 
-6 . DISCUSSION 
6.1 Oeaenl ............................................... P2 
6.2 M~~ .......................................... U 3  
................ 6 2 1  Fbwthu@porrrpcs-yidd@ 223 
....................... a 2 2  a ~ ~ ~ h i t i d y i d d  226 
6.2.3 %&og ......................................... P 9  
62.3.1Pamcdilitydmmaamt ...................... 229 
6 . 2 . 3 . 2 S ~ ~ l b t o t h ~ k M ~  ................. 233 
CHAPTER 7 . CONCLUSIONS 
7.1 - .............................................. 268 
7.2 T h F l u i d k i d m  ROECI. ................................. 268 
7.3 ............................................ 270 
APPENDIX I: CALIBRATION DATA AND INSTRUMENT SETTINGS 
m M  2: SOU TEST RBSULTS 
N . l  Fidd T n r  ............................................. 293 
A22 SpcrsuhitcI(.obT& .................................... 301 
APPENDIX 3: NJlCllON TEST RESULTS 
A3.1. F d d T W  ............................................. 330 
A3.2 C a ! a ~ c T m  ......................................... 341 
APPENDIX 4 CAUBRATlON CHAMBER MrrCnON TEST RESULTS 
A41 C A ~ - l q e m o o T e s t -  476 
APPENDIX 5: RESULTS OF m C A L  SIMULATIONS 
M . 1  OltaJ ................................................ 492 
AS.2 ch.mkrTesn .......................................... 493 
N . 3  F*ldTesn ............................................. 
N . 4  Cmb%ageTats ........................................ 620 
T d e 3  I -of--FLDTSTl 46 
T.M.32 ~ o T ~ r n - F L D T S T Z  49 
T.Mc33 M . R b ~ ~ o f q ~ ~ t l o n ~ - F ? . D T S T l  56 
T.Mc 3 4 Iqomoo rqurm for FLDTSTI 58 
Table 1 5 Iqemon S- h FLDTSTZ M 
Table 4 l C ~ F  rulmg buton 78 
Table 4 2 T v a d  mechmul aooaoc.  of- holm 85 
4.3. &&id propnfk~ bfailty smi* . . . . . . . . . . . . . . . . . . . . . . . 89 
Table 4.4. Sunrmny ofpore pressure tm%ducm hatiom . . . . . . . . . . . . . . . . . . . . . 92 
Tablc 4.5. Monitoring losnioru far @ Umse dirpkeme5s .  . . . . . . . . . . . . . . . 95 
Tablc4.6. Injcotiontetddr . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105 
Table4.7. Injst ionpmwcrm-wm..  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114 
Tablc 5.3. Svmnvry of tcrt &om &6dd cmukiz~lt CN 
Tablc 5.4. summa& of history l d o m  for m m m M  tun-. . . . . . . . . . . . . . . . . . 
Table 5.5. Madd pvlmna for d y  of h h c d  pm&Sity-. . . . . 
Table 6.1. Muimum vatlcrl gmund h P ead 0fWSnion . . . . . 
Tablc AI.1. SDIEifidoos formidon -D . . . . . . . . . . . . . . . . . . . . . . . . . 
Table A1.3. Cdiimim data for WT's - W T S T I  . . . . . . . . . . . . . . . . . . . . . . . 
Table Al l .  C . h i o n  dB. for pore rmud- -PLDTST2 . . . . . . . . . 
TablcAl.5. C 1 1 , i a o  d m  for WT's - FIDTSTZ . . . . . . . . . . . . . . . . . . . . . . . 
Table A1 6 CaLbnDon mmmu uld uuvumenutlm - fa CCPSOl 290 
Tablc A1 7 W h o m  urnnvlts ud -m  fa CCFSUZ 290 
Tablc A1 8 Wibrmm and swmsmmatvon - fa CCFSO3 291 
Tabk A1 9 U b n n o n  coosums and mMmMmUtlon samgs fmCCFSC4 291 
Tabk A2 I Campvtlon test r d s  for FLDTSTI 2% 
Table A2 2 Cornpacam t a  rcmrds for FIDTSn 297 
Table A2 3 Sad d- mcuusrrrm 302 
TablcA24 U n d r u n c d a r e m ~ h o f ~ o l m h m v . o o r * r ~ ~ ~  303 
~ a b ~ c  ~2 I. UM -& h r n  to- ~ r d  ~ p m r m m e r  . . . . . . . . . . 304 
Tablc A4.I. Sllmrmry of c h k  tcst ~ I J  . . . . . . . . . . . . . . . . . . . . . . . . . . . 477 
F i m l  l F ~ m ~ t h e E i h m ~ ~ t h v d -  9 
f i m 2 1  Sac rc rmuadaueUbac  36 
FtgunZZ RcuvencordforahvdmkRMasea 36 
Fmgrm23 L a u t o a o f h J w p m s r r a t k M o h r -  37 
F-24 P o m n y ~ d u n n p 1 1 1 s c Q q c ~ d ~  38 
F 3 p  2 5 W r  stress plhdunng SAGD p"u 38 
hgw 3 1 F d d  1-8 a,- - En- T M  F* 40 
F$- 3 2 Tca bed cofimmuon - FLDTSTI 50 
F& 3.3 ~ c l  bed con&uion ( T h )  - fuXSl2 . . . . . . . . . . . . . . . . . . . . . . . . . 51 
f i ~  3.4. T m  bed & w o n  (sktion). m m n  . . . . . . . . . . . . . . . . . . . . . 52 
Flguc 3 5 Inlmon pump for 6dd tcru 67 
F n w  3 6 Ap- d v y m o n  Bud m p u . 4  - FLDTSTI 67 
F o p  3 7 Ex- pressure rcrpoluc ad gmrnd auhsc mowm. FLDTSTl 68 
f i w  3 8 Dye - 1- (PI=). FLDTSTl 69 
F 3 p  3 9 Dye w e  locamns (Smon)  - FLDTSTI 70 
F a w  3 10 DYE tM locaaons (ObLquc) FLDTSTl 71 
Flgvc 3 11 APPUISC 0ftn)mon flud on g r d  h - FUITST2 72 
FI- 3 12 Pore m e  r m n u  FLDTSR n 
F ~ w c  4 6 Injetan woU d d s  IW 
Flgwc 4 7 Injomon pump ad WU deulll IW 
F I ~  4 8 Cslmfugc IM urcmbly- p h  101 
Fogwe 4 9 Ccmnfuge t w  d l y  .S m o n  101 
FDW 4 10 Cnucd a* of cry fouo- mdhm of& ad PPTs 110 
F8gwc4ll T c a u M l b l y p n o r t o ~ o n ~  110 
Flyre 4 12 T w  assembly foUo- p U  m cacmkge ym 111 
Rpwc 4 13 Enrumon of &v Born s m m b o x  I l l  
f i b  4.14. Typid 1-tioi.od oridon of- day 4- . . . . . . . . . 112 
Fngure4.15. IqeQioopr-e nt imcfor  CCCS0I tests . . . . . . . . . . . . . . . . . . . . 118 
Figure 4.16. Injeton p m  vs fimc for CCFS02 tCN . . . . . . . . . . . . . . . . . . . 119 
F i p  4.17. W d o n  p-c vr 6me for CCFS03 tests . . . . . . . . . . . . . . . . . . . . . 120 
Figure 4.18. Injection pr-c vs timc for CCFS04 1CN . . . . . . . . . . . . . . . . . . . . . 121 
Figurr 4.19. Injktion pruauc va volume ofnuid W d  fmCtFSO1 Pm . . . . . . . 122 
Fogwe 4 20 kgomon pr- M volume of flud qodcd For CCFS02 tcar 121 
F- 4 21 lqoetlon p- vs volume offlud q d  for CCFSO3 tests 124 
hgwc4  22 Injomon pr-m vs volume d t l u d  q o n d  forCCFSM tests 125 
F 8 b 4 2 5  O r o u o d ~ & r p ~ t n f l m D f n w e U C  127 
E m 4 2 6  ~audnuhrcLrplusncmvstmfmwllD 127 
Ft-427 Ormndnuhrc&rplacemmnMxforacllE 128 
Fopre428 C m u a d m r f - d u p l - n ~ f n w l l F  128 
F l p  4 29 Grmnd auhce dupl.Emrn n M for ncU G 129 
f i p  4 30 h u n d  auhfc -1- %s MV for well H 129 
Fngwc 4 31 H o m d  mmt ofdye mc+r for CCFSOl 110 
t-4 32 Ho&-t o f d y r m c n f ~ C C F S 0 2  131 
FI-4 13 H o m o u l  extent ofdyr  ".on for CCtSO1 112 
F w r e  4 34 Ho-ul ntnr ofd)c traca for CCFSW 133 
Fkgurr 4 15 Dye c~ horn 4 A SIEflon OD 114 
F w c  4 16 Dye V u c  horn w U  C - SoFno~ 2100 114 
F o p 4 1 7  D y c V u c h o m w U C  k F u o n 2 W  135 
F-418 Dyemceho rnwUD-keuon1600  135 
Fngurr439 D y c m c c h o r n w l l D - S r m o n 2 I V  136 
F - g u ~  4 40 Dye CREC horn well D - Srmoo 340° 136 
Fhwe  4 41 Dye ~ u c  born weU E . S m o n  27UD 137 
F-442 D y e - b r n v e U F - S m o n  110" 137 
Fxplrc 4 43 Eye t m  fmrn well G . Soeuon 2M)O 138 
F w c  4 44 Dye IM from weU H - Soetlon IWD 139 
F l guc4  45 Oyc mce horn wcU H - Smon 3 loD 119 
F-446 D y e m c a h o r n w c b l u d l u d ~ 2 W a n  140 
F ~ w 4 4 7  Dyemec .ho rnwc lbKud I  . r d e p h I W m n  140 
F~gu r r448  ~ V u c ~ w l l M U d c p t h 2 4 S r r r m . o d a a l l N . t d a c b 2 0 5 m m  141 
Ftpurc449 ~ ~ l e m ~ c h o m v c U O u d c p t b 9 0 m m . n d a r c U P . t ~ l 5 m  141 
Fnguc4SO Oto 1 8 0 ° n o r o f d y e V u a f o r a d l A  142 
Fngvrc 4 51 W to 270° mew ofdye mca for wcU A 143 
Fl- 4 52 0 to 180' new  ofdye Vua for ncU B 144 
hgwc 4 S l  90 to 2700 new  o f  dye - f n  nd B 141 
Flgwc454 Oto 1 8 O 0 n n v o f d y e ~ f a r r U C  146 
Fl- 4 55 W to 2700 nor o f  dye m for well C 146 
F l p 4 5 6  Oto l l o D n c v o r d y e u ~ f a d D  147 
F l w m  4 17 90 to 270' nor ordyc a- for wcU D 147 
F l w  4 58 0 to  180° n e w  o f  dye I n c a  for d E 148 
Fmp~lc 4 59 9U LO 2700 nor ofd)c mces for wdl  E 149 
F l y r  4 60 0 to  180- n e u  ofdye lnco for vell F I SO 
F~PUR 4 61 90 to 270' nor ofdye - for well F IS1 
Ft- 4 62 0 to 1800 nor o f  dye for a r l l  G 152 
Fwure 4 63 90 to 270- nor o f  dye u- for WCU 0 152 
F lgus 4 64 0 m 180° new  ordye lnoa for re11 H 153 
hprc  4 65 90 to 2700 nor o f  dye u u a  for ucll H 153 

F w A 2 4  ~ ~ ~ ~ ~ . ( a - ~ d c l . r - c C p S m  308 
F w A 2 5  Ual~avur(a-Ldmao(dydy(%fSO2 308 
R g w  A2 6 Conroidmn arvs (a S-)rtl h d m  - KFSO2 3W 
R g w  A2 7 M n c m  of-&on for Sp rab le  L.ob - CCrSm 3W 
F igwA28  L . b o m o y c e n . a d ~ M l ~ a u f n C r r S O l ~ y  310 
F tgw ~2 9 ~ u u t r o n  or- -man wth dcpb ( C ~ O I )  310 
Fawn A2 10 Tow- d pocks pneuomacr l a  loolam m CCFSOl dy 31 I 
F ~ w c A 2 1 1  S v r u v ~ s n r u a d o 1 s R R I t ~ ~ 0 1 1 C f f S O I l  311 
F&C A2.13. P a  ~ m d m l o p c d  dwiq c ~ ~ t l i u d d  f a r m  &lin . . . . . . . . . 312 
E i p  A2 14. Rintipd eEwivc  mess 40 for CU M d  leu on b l i n  . . . . . . 313 
RgwA2.15. K ~ m c u p n h a T o r C U m b r i d t e s ~ ~ o n L . o h  ............. 313 
F i m e  A2.16. Rintiod aTmhe -I di8-cc for CD triudd teaso. lodin . . . . 314 
~&reA2.17 P r i n c i & ~ m d ~ f o r C D t n u d d t e a s ~ ~ ~ b h  ........ 314 
F i p  A2.18. EBenive mcu paths for CD mudd teas on b l i n  . . . . . . . . . . . . . 315 
F ipA2 .19 .  V o l d c  rminfor CD ekhl t a r o n b l i n  . . . . . . . . . . . . . . . 315 
FiwA2.20.  M p J  ctT rmu for CD tw(CCFSO1 &(XaSM). . . . 316 
F iwn  A2.21. Rindpal e t T d ~ ~  m ntio form las(CCFSO1 &(XaSM) .. . 316 
Fi- A2.22. EE&c mar pohr for CD t a r  (CCFSO1 & CCFSM) . . . . . . . . . 317 
F i w  A2.23. Volvmctris rtnio for CD triu6.l t a r  (CCFSOI & CCFSM) . . . . . . . 317 
F ipAZ.24 .  ShurfaiIuremwlop6omCUnhhltwinkaoh ............ 318 
Figure A2.25. Shur  fulurecnwlop born CD nhhl t w  in b l i n  . . . . . . . . . . . . 318 
Figuc A2 26 Shar  Lhm d o p  h m  CD lnu (CCFSOI dl C C M 2 )  318 
F 8 p  A2 27 Grm- &stnhkm for nLy und (CCFSO3 BCffS04) 323 
R p A 2 2 8  Pores-ulmhysmddunngk-lw(o,= IWkPa) 324 
R p A 2 2 9  P n m c l h l l f y ~ v l I b U m e ( o ,  IOOkP.) 324 
Fagw A2 30 Pore pr- ul dty d dwng k-Ira (o', - 125 kP.) 325 
R g w  A2 3 1 P e  v.rutlm wth Um (a', 125 kP.) 325 
Flgw A2 32 P M ~ @  & m v r  arcss &I?" for CD la on 9ty  d 326 
F o w A 2 3 3  R n n p . l u T ~ e . m a s ~ o f ~ ~ C D t ~ o o n h y d  326 
F ~ ~ A 2 3 4  E t r ~ v e - p a t h s f a C D 1 C M o n n h y ~  327 
h g u c  A2 35 Vol-c rrmn for CD t a r  on sky d 327 
F 3 p  A2 36 Peak .nd wrut.n v o l ~  f& mvdopcr fw mky d 328 
R p  N I Pamubdoty pnor lo q m o n  1- - FLDTSTI (JunoW97) 331 
R w  A3 2 Parcabrlrm pnor 10 vljacD011 tat - FLDTSTI ( J w  26/97) 332 
RWC A3 3 Pa rcab l ty  .flCT u j k t l o n  tcn - FLDTSTI (Jw 27wll 333 
F t w c  N 4 Raw PPT and 1 DT d m  Gom q m o n  l a  - FLDTSTl 334 
FowcA3 5 Proawrc r-nu m PPTOI d PPT02 FLDTST2 335 
~ i b m  M.7. P-re mbnw in PPTo~  d PPTN - FLDTSTZ . . . . . . . . . . . . . . 336 
Figure N . 8 .  Prcsrvrc -PIC in PPTO7 d PPT08 - FLDTSTZ . . . . . . . . . . . . . . 336 
F i m M J .  +-PIC h P P T W . O d P P T I 0 - m s n  337 
F i N  I4 O m m d ~ R . p m r n r W T O I a d W T 0 6 - n m S T 2  339 
F i m  A3 I5 G r a d  m-hce rrsponva WT07 d W 0 8  -FLDTSn 340 
R a w A l 1 6  GrrrmdsskerrrmnuaWTO9dWTIO-FLDTST2 340 
Fib- A3.17. v o h  of ~ u i d  during U!FSOA. . . . . . . . . . . . . . . . . . . . . . 342 
F i m  A3.18. Rcuvrclmwdum -YS he TorIX€SOlA . . . . . . . . . . . . . . 342 
FimA3.19.  R c u v r c W u c a r a p o o a c ~ ~ m i o n ~ f a C C F s 0 l A . .  . . . 343 
F i i A 3 . 2 0 .  G m u n d ~ ~ ~ h e f o r C f f S O I A  .... . .. . . . . . . . .. 343 
Fin- A3.21. Omund auf' moment M inicctioo MI- for W S O  .. . . . . . 344 
F i b ~ n  v o ~ o f h d ~ ~ c c ~ s o ~ ~  IU 
Ftgurc A3 23 R- mnrduon rapaac vs omc for CCFSOIB 345 
F l v U  U R- lrvuduscr rapaac v s q m ~ m  k m r f a  CCPSOlB 345 
F t m A 3 2 5  Groundnuhamo~mcnnomcforCCFSOIB 346 
Fowc A3 26 Gad sske mm-t n q m I m  d u n e  ~ O T  KFW1B 346 
Ftgw A3 27 V o l m  of h d  q c a c d  d- CCFWIC 347 
F l p  AJ 28 W e  W u s s  rcspnue vl a m  for CCFSOlC 347 
F twc  A3 29 Ruvrc W u s c r  rapom n lnjosUw volume f a  M W l C  348 
Fwre  A3 30 G d  nuf.cc mo- $I ume for CCFSOIC 348 
Flgurc AJ 3 1 G r d  m k  rmvemm vs q s t l o a  wlume forCffSOIC 349 
F l m  A3 32 Val- offlwd q&ed CCFSOID 349 
k l w c  A3 33 Rcvvrc  vuudvsa mpom vsomc PorCCFSOlD 350 
F w  A3 34 Prruur Wua -me w qcstlon whme facXFSOID 350 
F ~ w c  A3 35 Gound & mmemem yt omc for CffSoID 351 
F i A 3 3 6  trmndsskemmememn~OitlonrnhurrforcaSOID 351 
hgurc A3 37 Dye rnn m r d  f a  CCFSOIA -ON 0' to I00 352 
F w  AJ 38 Dye mec -rd for CCFSOIA -ON 60' to I I00 353 
FtgwcA3 39 Dyeaacsroendfor CCFSOIA-onr 120°to 1700 3% 
F w  A3 40 Dyc mcc- h CCFWIA -ON 180' 10 2300 355 
F i m  A3 41 Dye aacs m2-A f n  CCFSOIA -om 240' U) 2900 356 
F w  A3 42 Dyc mec -d for CCFSOIA -om 330'lo 3500 357 
F n w  A3 43 Dyc rnn roEord f n  CCFSOIB m o m 0 0  to 50- 358 
F w A 3 4 4  D Y c ~ . ~ C ~ ~ M C C F S O I B ~ D I U W ~ O I I W  359 
F w e A 3  46 DycmE.raordfmCCFSOlB -om l80010230' 361 
F w  A3 47 D)c rnn m r d  Tor CCFSOIB m o w  2400 to 2900 362 
F- A3 48 Dvr m e c m r d  for CCFSOIB m o o s  3W"u, 3500 363 
FX& ~3 49 ~ y c  mec m r d  for CCFSOIC -om 90~ -  1 w  364 
F l A 3  50 Dycmec-rd for CCFSOlC seano- 1500toZW 365 
F w A 3 . 5 1 .  DycaacsromrdfnCCFSOICvcti0~21O~t02600 . . . . . . .  . 366 
FimA3.52.  D y c m  Rmrd TorCCFSOIC vct i0~270' to 32CP.. . . . . . . . . . . . 367 
F i m  A3.53. Dye tnoc -d for CCFSOIC d o -  3300 to 350°. . . . . . . . . . . . . 368 
F-US4 D y c o . r * n m r d f a C C F S O I D ~ 0 0 ~ ) 5 0 0  369 
F v A J 5 5  D y c ~ . s e n m d ( o r C C F S O l D ~ M P m  I100 370 
FilprrA356 DyetmnmdbrCCFSOlD-IUPml7O. 371 
F i  N 57 Dye mcc-d tor CCFSOID-N 1800 to23O. 372 
k x w  N 18 Dye lmcenmrd for CCFsOlD -ON 240- to 2900 373 
Ftgwc N 59 Dyc mcc roeord f a  CCFSOID -om 3WD to 350' 374 
tlgure N 60 Volum d t l u d  rn~med d- CCFSOZE 371 
f i g u n N 6 1  P r r u v r r V u u d u a ~ ~ ~ m f o r C C F S M E  375 
F D ~  N 62 Reraur rmudua terponas va lnlmon whar f a  CCMZE 376 
f i w  N 63 G r o d  avf.sc movrmot n tlme for CCFS02E 176 
Fswe N 64 Ground wrf- momem vs rnjccuon MI- for CCFSOZE 177 
Egwc N 65 Volwnc offlumd m1-d d- CCFWF 377 
Fwrc  N 66 Prnrwc Vuudua mponu vs m e  far CCFSOy 378 
Flgurc N 67 P m r w  mrudua -nu us nn~rstlon v e l w  for CCFSMF 37U 
Flgure N 68 Ground avf.sc mar- vs umc for CCFSO2F 379 
Flgwc N 69 Ground avfacc mo,- vs nqmon  volume f n  CCFSO2F 379 
Fa- A3 70 Volume of fllud 8nl&d d m *  CCFS02G 380 
Figure N.71. Rss- modurn r e p -  VD timc for CCFSU2G . . . . . . . . . . . . . . 380 
Figwc N.72. Reuurr mrudum rcrpa- vs injection volume for CCFSMO . . . . . 381 
Fi- N.73. O r m d  auhec movrmmt vs time for CCFSO2G . . . . . . . . . . . . . . . . 381 
F i w  N.74. O m d  wfasc movema va injeofion yolumc for CCPSMG . . . . . . . 382 
Pi- N.75. Volume of tluid i n i d  dmim CCFSOZH . . . . . . . . . . . . . . . . . . . 382 
~ l b c  N 76 Rcuur uanducm -mse 'I tlmc f n  CCFSGZH 383 
tiw A3 77 Raavc Vuudua -rut vs q m o o  wl- for CCFSOZH 383 
F-e N 78 G r o d  auhec muvrmslr b s  MX for CCFSOZH 384 
~ t b c  N 80 mr mcc rsord for CCFSO2t -on. OD to 50' 385 
Ftgwc N 81 Dye mcc -d for CCFSO2t -om 60' to IOOD 386 
F~gure N 82 Dye mco r m d  for CCFS02t &om 1 lo0 to IMP 387 
hgure N 83 Dye mco r m d  for CCFS02E -ON 1700 to 2200 181 
Fmgure N 84 Dye mcc m r d  for CCFSO2t -ON 2JO"to 2800 189 
Ftgure N 85 Dye mcc m r d  for CCFSOZE -ON 29W to 3400 390 
F8gure A3 86 Dyc mcc r-rd faCCFSO2E -on 3SW 391 
FI- N 17 Dyc mcc r-rd for CCtSMF -ON 6060fe 1 Iff 392 
Fi&A3.88. &mcc record ~O~CCFSOZF &ow 120'to 1700 . . . . . . . . . . . . 393 
Figure A3 89. Dye mcc m r d  for CCFSOZF -OM I8W lo 23ff . . . . . . . . . . . 394 
Figure N.90. Dye mce m r d  forCCFSO2G M i o m  Ooto 500 . . . . . . . . . . . . . . . 391 
F i w N . 9 1 .  DyemcemrdforCCFSOZGMims W t o  l l f f  . . . . . . . . . . . . . 3% 
Figure N.92. Dye mcc rkord forCCFS02G &ow 120Dto 1700 . . . . . . . . . . . . 397 
Figure N 91. Dycmce m r d  for CCFS02G &ON 180Dto 2300 . . . . . . . . . . . . 398 
Figure N.94. Dye mcc m r d  for CCFS02G &ON 2400 to 2900 . . . . . . . . . . . . 399 
Fi- N.95. Dvcmee -d forCCFSO2G M i a  ~~~m 3500 . . . . . . . . . . . . 4W 
F& N.%. &mcc recad for CCFSOZH &om Ooto 70- 
XV 
n b ~ m  D W - ~ ~ ~ C C F S O Z H - I U P I O I W  403 
FypveA399 D y c D u c n m r d f o r C C F S Q 2 H ~ 2 W I O 2 M o  404 
F w A 3  100 D y c ~ ~ k C C F S 0 2 H ~ 2 M P U ) I Z C f  405 
F l g w A 3  101 Dye mrrrroad fmCCFS02H ~ 3 3 O D U )  3SOD 40s 
~#grr AI lo2 d h d  ~ U W  CCFSO~I W 
Fngw A3 103 R- W m  -vs ume fn C C M l l  407 
F,puc A3 I04 Resm'e w u a r  -me ", lDloFU0" wlum Fa CCFSO31 408 
FxgwrAl  I05 ( jrdmrhcemovnmtvsUmrfnCCFSO3l 408 
F r g w A 3  106 Gmund mrhce monmm n w m m  vohme6vorCCFSMI 409 
F8aurcA3 I07 V o h m e o f b d  y a o d h n s l ~  CCFSOll 409 
FigurcA3 108 Rsammnrduca -me n ~mrfacCFSO3J 410 
F ~ w r s  A3 109 Pmsum mnducn rapowe vs rnlstlon "01- 6 v  CCFSOIJ 410 
F l g v r r N  110 (irmndnohamovemmtnturxforCCFSWl 411 
F t p u c U I l I G r o u n d d . ~ c m v m w w m o n w ) u r r F a C C r S O 3 l  411 
F t g w  A3 112 Volumc of Bud m F d  dmng CCFSO3K 412 
F t g w  A3 113 Rurm W u c a  r-me ", ume for CCFSO3K 412 
FsgwA3 114 RsovrcWuamwnsenqmawlv~vforCmO3K 413 
FtyulcA3 I I5  Ground noha mo-t \s m e  f n  CCFSO3K 413 
t t y e A 3  116 G d  d a c e  movement vs qmon wl- f a M S O ) K  414 
Fopre A3 I I7  Volume o f b d  yonodd- CCTSOIL 414 
Flgwc A3 118 R- mmsduw rcrpome VI for CCFSmL 411 
F l g w  A3 119 Rsw M u m  -nv v s l n l a o a  v o l v n  Fa C C F W L  415 
Fmgm A3 120 Ormnd mrhce m m m n t  * o m  fw CCFSO3L 416 
Fngwc A3 121 Ground aurvC m v n m t  w wmon volume f a  CCM03L 416 
FsgwA3  122 Dye morrroad faCCFSOIl(110-l30 O) 417 
F l y c A 3  123 Dye tM- rd fo r  CCFFO3I (135-160mm) 418 
F lp r cA3  124 Dyetract-rd for CCFSO3I (I6S-I90 mm) 419 
F ~ g w  A3 125 Dye w r d  for CCFSO31(195-220 mm) 420 
Flgwc A3 126 Dye ma rcmrd for CCFSO3I (225.210 m) 42 1 
F~gvrr  A3 127 Dye - m r d  for CCFSO31(255-285 mm) 422 
F ~ y c  A3 128 Dye mce r-rd for CrFSO31 (291.300 mm) 423 
FtgvrcA3 129 Dye-r-rd for CCbSO3I (IOJ.I30 -1 424 
FtgurcA.3 130 D y e t M r o ~ d f o r U T S O 3 J ( I 3 S  160-) 425 
F lwm A3 131 Dyc ma w r d  for CCFS03J (165-190 mm) 426 
h y c  A3 132 Dye -record for CCFS03J (195.220 mm) 427 
t lgvrr  A3 133 Dye mce r-rd for CCFS03J (225.250 mm) 428 
t n y m A 3  134 ~ - r o ~ d f o r C ~ S O 3 J ( 2 5 5 . 2 8 5  MD) 429 
Fopre A3 135 Dye m c e r o ~ d  for CCFSO3J (295-305 mm) 430 
Flgurc A3 136 Dye tM w r d  for CCFSO3K (45-70 mm) 43 1 
F~lolrcA3 I37 Dw t M - d  forCCFSO3K (75-100 00) 432 
F& A3.143. Guws n m r d  t k ~ ~ ~ S 0 3 ~ i 7 5 - 1  w m i x )  ................. 438 
FigurcA3.144. Dyem~~I&mdfOlCCFS03L(I05.I30mm) ................. 439 
Figure A3.145. Dye mcc romrd faCCFS03L (135-160 m) ................. 440 
FigurcA3.146. DyetnscromrdfarCffSO3L(165-190m) ................. 441 
Figure A3.147. Dye msc m r d  far CCFSO3L (195-210 m )  . . . . . . . . . . . . . . .  442 
F i w  A3.148. Vohxne of Buid i n j d  dwog CCTSMM ................... 443 
~ t b r a  A) 149 P- m m r i u a  response \s flme for C C F N M  443 
Flpwc A3 I50 Plarvm mnrducer rapanv vs uvatnon velum ior CCFSMM 444 
Fn-A3 IS1 Cmuddvcmwemm v a t l m c  for CCFSMM 444 R& ~3.152.  ~ m u n d  surf- movancnf w injostlon miurns for CAXNM ...... 445 
Figure A3.153. Volumc of Euid injrned dudng CCFSMN ................... 445 
Figure A3.154. Rc- molduccr -nu YI fim for CCFSMN . . . . . . . . . . .  446 
FimreA3.155. P ~ s m r e m n s d u c a r r m ~ v .  inimionvohuncfafXFSMN .... 446 
. .-. 
~ ~~- . 
Fi- A3 156 . Volume of Evid inisoted duricm CCFSWO . . . . . . . . . . . . . . . .  447 
~rnkre N 158 Pruwcmnrducn rcrponw b r  l n l ~ l o n  bolum ior C C F S W  448 
Ftgure A3 159 Volume of O l d  rnlmed d u n g  CCFSMP 448 
Fnm* A3 I W R- m m r i u a  m n v  vs m e  for CCFSWP 449 ...
FigurcA3.161. & m n r d u c e r ~ ~ ~ ~ i n j m i o n ~ ~ I ~ l l ~ f O l C C F S W P  .... 449 
Figure A3.162. Dye mace m r d  for CCFSMM(145-17Om) ................ 450 
F i  A3.163. Dye- m r d  for CCFSMM (175.200 mm) ................ 451 
Figurc A3.IM. Dye- m r d  for CCFSMM (20S5230 mm) . . . . . . . . . . . . . . .  452 
Finurr A3.165. Dve- read  hCCFSMM (235-260 mm) ................ 453 
~ i & c  A3.166. Getrace r&ord for CCFSMM iz65.290 mmj . . . . . . . . . . . . . . .  454 
~ & c A 3  167 Dye--rd fmCm9MM 1295.301 mm) 455 
FngureA3 168 4 r  mrsraardfor  CCFSMN (115-140mm) 456 
f 3 m A 3  169 I h c - m r d f o r C C F S M N l 1 4 5 . I 7 O m ~  457 FiWc ~3.170.  Gs tnrc m r d  far CCPSMN i175-sw mi ................ 458 
F i&e l~ .171 .  &tnscromrdfor~CF~04~(205 .230~)  ................. 459 
Figurc A3.172. Dye tnsc m r d  for CCFSMN (235-264 nun) ................. 4M) 
Fimre A3.173 D v c t n s c m r d  for CCFSMN (265-290 mm) ................. 461 ..... ...... 
................. FigweA3.174. Dyeeawr-dfor CCPSWN (295-3lOm) 462 
FiwA3.175.  D y e - m r d  forCCFSM0 (50-75 mm) ................... 463 
F8gurcA3 176 Dbctncc romrd for CCFS040 (80-105 mm) 464 
F ~ g u r ~ A 3  177 D y e - m a d  forCCFSMo(I10-131 mm) 465 
F m m  A3 178 Dvcmcc rocad forCCbSM0 040-165 rn) 466 
~ , & r c  A3 180 Dye tncc m r d  for CCFSMP (10-71 mm) 468 
F@ A3 181 Dye- m r d  forCCFS04P(80DIOS mm) 469 
Fcwm A3 182 Dye %+cord tmCCFWP (I 10-135 m) 470 


EglrrN.64.  ~ m v a t k d a T a i w ~ ( y l U C 2 e :  1.00Ms) ... .. . . . . . 125 
~ i i n r . 6 ~ .  cbawmmw5idsastirr~-(uru~2e: 1.mmv~) . .. . . ... 526 
F i N . 6 6 .  Chtnscimpompnuurr(ZFMUc. 1.WmVI) . . . . . . . . . . . . . . . . . 526 
Figlrr N.67.  SmSr nhoo'~a;(2FRAm 1.00 &) . . . . . . . . . . . . . . . . . . . . . . 527 
F r w  N.68.  FLAC PmTmtW ( 2 m c 2 ~ :  1.00 d s )  . . . . . . . . . . . . . . . . . . . . . 527 
FiguceAS.69. Pore p- dur iq  irjeuim (ZFMQc: I .00 mVs) . . . 528 
EewAS.70. SmSr ptb. du- gcsflos (2FlUUF 1.00 d r )  . . . . . . . . . . . . . . 528 
Fi- A5.71. Extmt ofvirld mne at md ofimiection (2FRACZd: 025 mYd . . . . . 529 
~~~c A5 72 P lmc  s m m  mmoun u end O ~ ~ J C N O D  (2- 0 25 &I) 529 
F w r e  A5 73 Chan~c m ha& & e w e  - (2FRACZd 0 25 d s )  530 
Flm- AS 74 C h g c  m mud Lffmlvc stress (2FRAC2d 0 25 d s )  530 
F l w c  AS 75 Ch.ngc m U%orul &am suw (2FRACZd 0 25 d s )  511 
Fjpuc AS 76 Change m pore prcuurr (2FRAC2d 0 25 &I) 531 
~ l g w c  AS n s ~ c s a  rmooS,o, (ZFRACU 025 m ~ , )  532 
FIW A5 78 FLAC pemdd~cy (2FRAC2d 0 2s d s )  532 
FDW AS 79 Po- p- dcvdopmm dunng m,ec%-m (ZFRAC2d 0 21 mVs) 133 
F ~ w c  AS 80 S- pthr dunng mj-on (2FRACZd 0 25 d s )  533 
FBW AS 81 E n a  of yldd m u  md of~qcman (2FRAC2c 0 4 0 d s )  534 
Fngurc AS 82 Plutls nm.contoun u md of q m o n  (2FRAC2c 0 40 d s )  534 
FIW A5 83 Ch.ngc an hanronul &-ve wcar (2FRAC2s 0 40 d s )  515 
Flguc AS S4 Ch.ngc m vrmd Lff-c - ( m C 2 e  0 40 d s )  535 
FOLNCC AS 85 Change mn unpmal &-vc mnr (2FRALts 0 40 d s )  536 
Fmwe AS 86 Change m pa- pr-c (2FRAr2c 0 40 mu>) 536 
Wguc AS 87 She= M n  O'JO', ( Z R U C ~ C  0 40 &I) 537 
Flgwc AS 88 R AC pemdaky ( 2 m C 2 c  040 d r )  517 
Flgure AS 89 Po= p- dmlopmem dmmg qemm ( W e  0 40 d s )  538 
Fngwr AS 90 See= pub d m 8  WCNO~J (2FRACIc 0 40 d s )  538 
F l p  AS 91 CRan of yc!d ronc u md of fjmron (2FRAC3a I 0  &I) 539 
F ~ g v e  AS CIA P b c  &" corn- U end ofmjmon (2FRAC3a I 0 d s )  I39 
R p u c  A5 93 Ch.ngc m horuomd m- 10- (ZFRAC3. 1 0 d s )  540 
Rpwc 94 C h g c  m v r m d  L f f b s o ~  aRII (2FRAC3. I 0 d s )  540 
F w e  A, 95 C h c  m ungcndml 6-sme wsu (2FRACla I 0 d s )  54 I 
F~gwo  AS % Change m pore -c (Zt1UC3. I 0 d s )  54 I 
F- A5 97 S t w  M o  o'do', (2FRAC3a I 0 d s )  542 
Cogwe AS 98 Fl AC p r m d l l l l y  (2FRAC38 I 0 d s )  542 
Faplrr AS 99 Pore p-re devclopmcm d- qemon RpluUa I 0 M s )  543 
Ftgurc AS 100 S u c n  p a h  dunng mnj-on (2FRAC3. I 0 d s )  541 
Ftgurc AS 101 F d e n  of )rcld rooc u end ofqsruan (ZFRAC3b 1 0  d s )  544 
FIWR AS 102 P lmc  mun -ours u md of  mjsruon (2FRAC3b 3 0 d s )  544 
hgurc AS lo1 Cbnge m h a m d  &ONw m a  ( 2 m C 3 b  3 0 d s )  545 
t8&r~AS I04 Change m rmd ~BCNVC -(2FRAC3b 3 0 d s )  S45 
F y v e  AS I05 Ch.ogc rcl ~ o g d  dfssflvc mess ( Z t m U b  3 OMS)  546 
FBW AS I06 C h g c  lo pore p s m m  (2FRAClb I 0 d s )  546 
F i i  AS.107. Sm.r mb a'Jo;(ZFRAOb: 3.0 mil.) ...................... 547 
F i A 5 . 1 0 8 .  F L A C p m d d i l y ( m 3 b :  3.0mVs) ..................... 547 
F i A S . 1 0 9 .  Pne~dnaaqma*dwi lyWst iOaBpMC3b.3 .O.W~)  ... 548 
Figurc M.110. Stress plUu huing in~Dctirn(2FRAOb: 3.0 d s )  .............. 548 
Figurc A5.111. Ortrnf ofyield rnm n rod ofinjedm ( m C 3 s  10.0 mVI) ..... 549 
F w M  I12 . ~ ~ ~ ~ ~ d o f i n j d m ( Z F R A C 3 ~ :  10.0mV.). ... 549 
FigurcA5.113. CbqsinhnLaD.leiTmiivermu(2FRAC3~ 10 .0ds )  ....... 550 
figure A5.114. Change in v m i u l  & d v c  ~IW (2FRAC3c 10.0 d s )  . . . . . . .  550 
figureAS.1 15 . C h g c  in ~ c n t l d  eiT& stress (ZFRAC35: 10.0 d s )  . . . . . .  551 
f i w  A5.116. Ch.ngc in pncprururs(ZFRAc3~ I O O d s )  . . . . . . . . . . . . . . .  551 
Figure A5.117 S m a  ntio o'Jv', (ZFRAC30: 10 0 d, ) .................... 552 
FigurcA5.118. FLAC p m d i Z t y ( 2 R u C 3  E. 10.0 d a )  .................... 552 
Figure M.119. Pare prrsw dewlopmnn d- illjonim (2PRAC3s 1O.Ods) . . 553 
Figure AS.lZCt Smsa ptha during injenia (+FRAC35 10.0 d s )  ............. 553 
. . . .  figureA5.12l. Enan ofyidd m e  u d of in jdon  (2FRAWd . 30.0 d s )  554 
f i  ~5.122.  P I ~ C  strain mnt- u end o f i n j d w  ( m c 3 d :  30.0 nus) .... 514 
....... F~gurc A5.123. C h g e  in horkmd a T d n  NCU (ZFRAC3d . 30.0 d 8 )  555 
......... Figure A5.124 Chuylc in veniul caoniw $tress (ZFRAC3d: 30.0 d s )  555 
Figure AS.125. Chuylc in Ungm6al & ' c  stress (2R(AC3d . 30 0 d s )  ....... 556 
Figure A5.126. Change in pare p-e (2F?.AC3d. 30 0 d s )  ............... 556 
Figurc A5.127. S m u  d o  o'P',  (ZFRAC3d . 30 0 mV.) ................... 557 
figureA5.128. FLAC pmK.bility(ZFRAC3d 30 0 d s )  .................... 557 
.. Figurc A5.129. Pore pr- dcvelopmnl d u h g  i n jdon  (2FMWd: 30.0 d s )  558 
F i  A5.130. S W  p.UU dm@ injeniom (2FRAC3d . 30.0 M I )  ............. 558 
...... Figure A5.131. Encn ofyidd ma u end of i n j d o n  (2FRAC3c: 3 . 0 d )  559 
F igw A5.132. Plaais rmin antours at end of injection ( m C 3 t :  3.0 &a) ..... 559 
........ Figure A5.133. Ch.ngc in borimnW eTeche m*is (ZFRAC3e: 3.0 d s )  560 
.......... Figure A5.134. Change in v d u l  Caedvc s l m s  (ZfRAC3.2 3 0 d s )  560 
....... figurcAS.135. Changcinllogcntldcfl~cstress(ZRUC3~3.0ds) 561 
FigurcM.136. Ch.ngc inporep-eiZFRAC3c 3 O d s )  . . . . . . . . . . . . . . .  561 
Fxgurc A5.137. SOsss n60 o'Jo', (ZfPAC3c . 3.0 &) .................... 562 
RgurcAS.138. FLAC pnnubi(ZFRAC3c:  3.0 mVs) ................... 562 
... Figure M.139. Pore preswc d c v d o p m  during injenion (2PRAC3r 3.0 &I) 563 
F i w  AS.140. Sues patha d- injenia (ZFRAC3c 3.0 d s )  ............. 563 
...... Figure M.141. Eneot ofyield rnnc u a d  of i n j d o n  (ZfRAC3f 30.0 mV%) 564 
.... Figure A5.142. Plutic rmin mntwn at d ofinjenion (2FRAC3f- 30.0 d s )  564 
Figure A5.143. C h g r  in horkmd d t d v c  m e s s  (2FRAC3f: 30.0 mV.) . . . . . .  565 
. . . . . . .  figurc A5.144. Ch.ngs ~ v d u l d f e n v e s t r e s s  (2FRAC3f 30.0mVI). 565 
Figure A5.145. Change in unganid & d v e  rmu (2FRAC3F 30.0 mVs) ........ 566 
F i w  A5.146. Chuylc in pore pr- (ZFRAC3f 30 0 d s )  ................. 566 
Figurc AS.147. Strur d o  o'P;  (2FRAC3t 30 0 d ~ )  .................... 567 
Flgurc A5.148. FLAC p n n u b i  ( m C 3 F  30 0 d s )  .................... 567 
Figure A5.149. Pore pressure dewlop- duriog M d o n  (ZPRAWf 30.0mVs) . . 568 
ad 
FiguCN.150. s a a U p t l a ~ ~ ( 2 F M C 3 f  0.0mV~). ............ 5- 
FigurrM.151. E a c n d W m a o . t d f l i m ( ~ ~ ~ ~ )  .............. 569 
FipA5.152.  Plulic strain cotuoum .t d of inje6i-m (y lUC4)  ............. 569 
F i p M . 1 5 3 .  C k q m  in b h m W  e6edvc rn (2FRAC4) ................ 570 
F i p  AS.154. C k q m  in m 6 u l  e6edvc sees, (2FRAC4) .................. 570 
FigwcAS.155. C k q m i n m g m i d  &dive ms(2FRACd) ................ 571 
F i p A 5 . l S d  Change inporr p- (ZfRAC4) . . . . . . . . . . . . . . . . . . . . .  571 
E p A S . 1 5 7 .  S a u m l b o ' p '  ( m C 4 ) .  ............................ 572 
f i p  AS.158. FLAc Wi (zFRAc4) ............................. 572 
F i w  AS . 159 . P m  n- dewloomat d n r h  inkdm (2€RAOO . . . . . . . . .  573 
F& AJ.160. st& p& during idjcction (h&) .......... : .......... 573 
F i p  AS.161. Enm ofyidd ran a d ofimjmhn (2FluC5) .............. 574 
Z i p  AS.162. Plutic wain m a v r  u end of injdon (ZFRAC5) ............. 574 
F i m  A5.163. C b g c  io h o t i m d  && mess (2ERAC5) . . . . . . . . . . . . . . .  575 
F i w  AS.164. C h a m  in vcniul eweam suem (2FRAC5) .................. 575 
. . .  
~ i g u r .  AS.169. Pore p-re dEvclopmen durioginje6i-m (ZFRACS) ........... 578 
F i m  AS.170 St.*u path dwing injmion (ZFRAC5) ..................... 578 
~ip AS.174. in m 6 u l  MVC suem (3Fh.X) : ................. 580 
FipAS.175.  Change i n t w m i d  && sms(3FRACI) ................ 581 
Figwc A5.176. Change in pore p- (3FRAC1) ...................... 581 
FigursAJ.177 sfnu R ~ ~ ~ ~ ' ~ o ' , ( ~ F R A c I )  . . . . . . . . . . . . . . . . . . . . . . . . .  582 
F i w A 5  178 . FLAC m c l b i ( 3 F R A C I )  ............................ 582 
~ i i p  AS.183. change in brirormi &wive st& (3FR'AcZ) ................. 585 
E m  AS.184. Ch.ngc in vertical & d m  Neu (3FRAC2) . . . . . . . . . . . . . . . . .  585 
E m  N.185. C h g c  in llogenfid &dve sms (3FRAU) ................ 586 
F i m  A5.186. C h g c  io pore p m w c  (3FRAC2) . . . . . . . . . . . . . . . . . . . . . .  586 
Figure A5.187. S fnu  ntio a'+', (3FRACZ) ........................... 587 
Figure A5.188. FLAC perm- (3FRACZ) . . . . . . . . . . . . . . . . . . . . . . . . . . .  587 
F i p  A5.189. Pore p r a  dcvdopmmt during (3FRAC2) ........... 588 
Figure A5.IW. S m n  p& during injcaioo (3FRAC2) ...................... 588 
F i p  AS.191. Exlent ofyield mm a a d  of injmim (3-) .............. 589 
F i p  A5.192. Plutic wain santoura a cnd ofinjcctim (3-C) ............. 589 
Figwe N 1% Change m pm p- (3FRAC3) 591 
F w r e  AS I97 Suns mo o p', (3FRAC3) 352 
Fowc  AS 198 FLAC OFRAC3) 592 
Figure AS 199 Pore pawe devdapnmt d- qmm (3FRAC3) 593 
Fngure AS 200 Srreu p u b  d m  ~ICNCNCN (3FRAC3) 393 
F p r e  AS 201 Enon of yldd lone u md o f m j m m  (3FRAU) 394 
Agure AS 202 Plrnls armn con- u md o f  qsmn (3FRAC4) 594 
Figwe AS 203 Change m homntal  &LRM mas (3FRAC1) 395 
Ftgwe AS 2 M  Change m v m d  &ccmo -s (3FRAC4) 595 
hpm AS 205 Change m tangmud C R m w  -I (3FRAC4) 3% 
Fogwe AS 206 Chan~r m porn p-rc(lR(AC4) 3% 
Fmgure AS 207 S m r  nbo o'./a', (lFIlAC4) 597 
Fngure AS 208 F U C  p n n u b l t y  (3FRAC41 397 
Fsgwe AS 209 Pore p-c dcvcloprnmt dunng qecaon (3FRAC4) 341 
Fxpwc AS 210 Smeu plhs d m  qmon( IFRAC4)  398 
Flgws AS 21 1 ExMt of yldd zone u md o f u y m o n  (3FRAC5) 399 
Ftpre AS 212 P I m s  contours .I md ofqmanOFRAC5) 399 
Fagurc AS 213 Change m holyonul & m v c  NCU ( 3 W )  600 
F m w  AS 214 C b e  m vmrd df(SUvc mess 13bRAC3I 600 
~i& AS215. ~ h & c  io t.ngcni.l &&YC s& (3FRAdS) . . . . . . . . . . . . . . . . 601 
FigurcAS.216. Change b pore prroauc(3FRACS) . . . . . . . . . . . . . . . . . . . . . . . 601 
Figure N.217. Smsamia o'./a',(3FXACS). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 602 
FigureM.218. F L A C ~ t y ( 3 F R A C S )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 602 
F i m e  AS.219. Pore meszum d d o o r n m t  du i ra  hde5inOFRACS). . . . . . . . . . 603 
R& AS 220 SUcrr paths dunng q m o o  (3FIC\c5) 603 
Flgure AS 221 E n a  of veld lorn u m d  ofmjsMo  (3FluC6) 604 
FL- AS 2~ P I ~ C  - mmourr at md o f m m r n ( ~ m c b ~  an 
~ & r c  AS 223 Change m h o m d  dF-w st& (lFRAc6) 
' 
W3 
Flpwc AS 224 Change m vcmd & m v r  suers OFRAG5) 603 
Fogurn A3 223 Change m ungrmd &-M stress (3FRAC6) 606 
F t w  AS 226 Chmgc m pore prn- (IRU('6) 606 
Rpue  AS 227 Sacsr ran0 a ' ~ 0 ,  (lFRAC6) 607 
W p m  AS 228 R A C  +lry (3FRAC6J 607 
F l y c  AS 229 Porn p r m o  dsvdoprnm d- q c s m n  OFRAC6) 608 
F i m  AS 230 Sues ~ t h s  dump lnlCEtoon (3FRAC6) 608 
~~gureAS.231. E x M t ' o f y i d d z o b k t  =so~@LDTsT~) . . . . . . . . . . . . . . . . . . . 610 
Figure AS 232. P l h c  main wnt- at t = 50 s W T S T I )  . . . . . . . . . . . . . . . . . 610 
FiprcAS.233. Changein horironW&csti~~larulut=50s(FISrTST1) . . . . . . . 611 
Figure AS 234. Chargein vnfiul dfcsficsfic mcu P t = SO I @LOTST1 . . . . . . . . . 61 1 
FigureAS.235. ChargcioungmrideS&crtnsrPt=50s@LOTSTI) . . . . . . . 612 
rdii 
Flwc  AS 249 Pore p- dsv4opmcm dunw ~n~estlon (IXDISR) 619 
F8wc AS 250 S W  p.thr dung  mmon(FLDTST2) 619 
Flaure AS 251 Eumt of n d d  roncu end o f a ~ ~ ~ ~ o n  (CCFSOIA) 62 1 .... 
............ F- & AS.252. P&E &in eowwrs 5 cnd o h j d o n ( & % S a ~ ~ )  621 
Fgun  A5.253 Change in horimntal d b i m  rau (CCESOIA) ............... 622 
Figure AS.254 C h g c  in vdul &edvc OM (CCFSOIA) . . . . . . . . . . . . . .  622 
F i w  AS.255. C h n e  in MBm6.1 erecliyc mess (CCFSOIA) ............... 623 
FiwAS.256. Chlngcin wre  pr*uwc(CCFSOIA) . . . . . . . . . . . . . . . . . . . . . . .  623 
F i w  AS.257. ~ t r s r i d d  o'dk, (CCFSOIA) . . . . . . . . . . . . . . . . . . . . . . . . . . .  624 
FiwA5.258.  E L A C ~ ( C C F S 0 l A )  . . . . . . . . . . . . . . . . . . . . . . . . . .  624 
I?- AS.259. Pore 0- dsvcloomCm 6uM.biktion (CCPSOIA) . 625 
F W ~  AS 261 ErtPl ofyldd rone n cnd ofq- (CCESOIB) 626 
F l w e  AS 262 Plmc  m mrnaun u era ofq- (MSOIB) 626 
trm A5 263 C k  m hmmmul Cffestlvc MU lCCFSOIBI 627 
FI& AS.264. C& in d u l  &&c mem (&SOIB) : ................ 627 
Figun A5.265. C W c  in Ungmtid c t f h  m a  (CCFsolB) ............... 628 
FiwAS.266. C h l o g c i n p o r e p ~ ~ ( C C F S 0 l B )  . . . . . . . . . . . . . . . . . . . . .  628 
A m  A5.267. Stress d o  o'da', (CCFSOIB) . . . . . . . . . . . . . . . . . . . . . . . . . . .  629 
AWAS.268. E L A C ~ ( C C F S 0 I B )  .......................... 629 
Fxare A5.269. Pore prruvrc development d-imjmb ( ~ S O 1 B )  ......... 630 
R y e  AS.270. S W  p.Uu d-g i l l d o n  (CCESOIB) ..................... 630 
Fi- AS.271. Enm ofvidd ronc at cnd ofinisctim (CCESOICI . . . . . . . . . . . .  631 
F&= AS 272 . PIAC atr;n mtuourr u end o i i n j d &  (CCFSO~C ............ 631 
Figure A5.273. C h q c  m horizontal ctfmvc smrs  (CCFSOIC) ............... 632 
Figure AS.274. Chlngc in v d u l  & d v c  stress (CCESOIC) ................. 632 
Ftgun M.275. C h w  in Uoam6.l & h a r e m  (CCFSOIC) ............... 633 
FircAS.276. ~h .ngc  inpo&prruurc (CCFSOIC~ . . . . .  : ................ 633 
F i w  AS.277. Stress d o  o ' p ;  (CCFSO1C) ............................ 634 
F i w  A5.278. ELAC prmeabiilify(CCFSo1C) ............................ 634 
f i b  AS 284 . c I & ~  in *.rtiul &min . f ~ u  ( C ~ S O I D )  .................. 637 
figure AS.285. Ch.ngcinung&.l a mess (CCFSOID) ............... 638 
F i A S . 2 8 6 .  Ch.ngcinpore prraaurr (CCFSOID) . . . . . . . . . . . . . . . . . . . . .  638 
FigureAS.287. S m u n t i o  m';jo;(CCFSOID) ......................... 639 
Figure AS.288. FLAC prmabW (CCFSOID) ......................... 639 
......... Figure AS 289 . Pac pressure dcvdo- during injmxi011 (CCFSOID) 640 
FigureN.ZW. S m u  pUuduiag in* (CCPSOlD) ..................... 640 
Figure AS.291. Extent ofyield wm at cnd of injktion (CCFSUZE) ............. 641 
............ Figure AS.292. Plrnic &n conto- u md ~f injmion (CCFSOZE) 641 
Figure AS 293 . C m e  in bxiwnW c f f a  meu (CCFSME) .............. 642 
Figure AS 294 . Change in vcniul cffenivc (CCFSOZE) . . . . . . . . . . . . . . . .  642 
Figure AS.295. Change inungcn6.l dfmive stres (CCFSME) ............... 643 
Figurc AS.296 Change in p m  p m  (CCFSO2E) ..................... 643 
Figure AS 297 . Suess ratio o';jo', (CCFSO2E) ......................... 644 
Figure A5.298. FLAC prmubW (CCFSOZE) ............................ 644 
Figure AS.29. Pac p m  dcvclopman during- (CCFSME) .......... 645 
Figure AS.300. S e e s  paths duiag injstim (CCFSME) ..................... 645 
Figure AS 301 . Extcm ofyield mm u ard of b j s t im  (CCFSO7.F) ............. 646 
Figure AS 302 . Plutio smin cent- u cnd of*mion (CCFSO7.F) ............ 646 
R- AS 303 . Changein h M  &a -(CCFS02F) ............... 647 
Figure AS 3W . Changein vcnid &&VC sUes(CCFSOu7 ................. 647 
F i w  AS 305 . C h  intannmtid dfmivc msr (CCFSOZFI ................ 648 
F I W  AS 306 C& lo  a r c  pcsm (CCFSO2R 648 
Fagure AS 107 S- mu0 0 2 0 .  (CCFS02R 649 
F~gure AS 108 FLAC perm* (CCFS02F) 649 
Fmwc AS 309  Pore pr- dewlopmm d u n g  q-on (CCPSO7.F) 650 
Ftgurc AS 3 I0 Stre- pnhr d u w  lnlssflon (CCFSMF) 650 
F ~ w c  AS 3 I I ha of ydd  m r  u md of mlorOm (CCPS020) 65 1 
Fngurc AS 3 12 P h c  ~w cornours u md of myorOon ( M S M G )  65 1 
figwe A5 313 C h h c  m homnW c f f a v c  NM (CCFS02G) 652 
FlgurcA5 31s C k q r  on v m u l  dssfl \ r  Ncss(CCFS02G) 652 
Fxgwc A5 11 5 Chmgc m ung& cffcctne nreu (CCFS02G) 653 
Ftgurc AS 116 C h g c  m a r c  pressure (CCFSO2G) 651 
Ftgurc AS 317 S e e s  m o  o 2 0 .  (CCFSO2G) 654 
F ~ w c  AS 118 FLAC psrm&l*y (CCFS02G) 654 
t a r e  AS 119 Pore - w e  dnclopmm d- ajeamm (ClXSm0) 655 
F~gure AS 320 S e e s  pnhr d- qssflon (CCFS020) 655 
F o p  AS 321 Eman of yrld zone u t . 1420 1 (CCFS030 656 
EslrrM.322. ~ a i a c o a a n 6 1 = 1 4 2 0 s ( C C P S O 3 I )  ................ 656 
RlsurrM.3U. C b l q l s i n ~ ~ m c ~ . u l = 1 4 2 0 1 ( ~ S O )  . . . .  657 
Figun M.324. Chmge i n d d  dfeuiw m~15 t = 1420 I (CCfSO3I) . . . . . . .  657 
f i m M . 3 2 5 .  C h m g e i n u a g d ~ v e s u e s u t -  1420s(MS031) ...... 658 
figursM.326. C h g e h p w c p r r u v e u l =  142Os(CCFSO3I) ............... 658 
Figure M.327. Streu d o  o'jo', u t = I420 I (CCFS039 ................... 659 
F i m  M.328. FLAC pmabdhy u t = 1420 s (CCFSO3r) .................. 659 
f i m  M.329. Pore pr- dcvelopma during W o r n  (CaSo3I) .......... 660 
figursM.330. Stnup.tbsduringinjeim(CCfSO3I) ..................... 660 
F igm A5.331. En- ofyidd zone a ad ofinjeion (CWS030 .............. 661 
figurs A5.332 P W c  strain d a u n  al rod ofinjco6on (CCfSO3J) . . . . . . . . . . .  661 
figurs M.333. C h g s  in horkmd dkdve sues (CCfSO3r) . . . . . . . . . . . . . .  662 
figure A5 334 . Change m vrrfiul &ktive mess (CCFSO3r) .................. 662 
f i g m  A5 335 . Change in UngaDid m v c  - (CCFSO3I) ................ 663 
figure M.336. Ch.yc in pore p- (CCfSO3J) ...................... 663 
Figure M.337. S m r  d o  a'&; (CCFS03r) ........................... 664 
FigursM.338. FLAC prmubility(CCFSO31) ............................. 664 
figure A5 339 Pompmawe dsvelapmmt during @mion (CCFSmI) .......... 665 
FigureM 340 SVarpathrdtuing iqieio~(CCfSO3r) ..................... 665 
f i g m  A5 341 . Enmt of yidd zone u 1 = 457 I (CCFS03K) . . . . . . . . . . . . . . . .  666 
figurs M.342. P M c  rtnin wotourp M 5 7  s (CCfSO3K) ................ 666 
figurs A5.343 . Change in h c r i m d  a%xkc smu u t = 457 s (CCFSO3K) ...... 667 
f i m  ,45344 . Ch.yc in v d d  e&clivc smu at t = 457 1 (CCFS03K) ........ 667 
figurr M.345. -C in U n g d  eEwWc mar u t = 457 I (CCfSO3K) ...... 668 
T i m  M.346. Cb.llgc in pnr p- u t = 457 stCCFS03K) . . . . . . . . . . . . . .  668 
figureM.347. Streun6o o'.I-;Q 1 =417 s(CCTS03K) ................. 669 
figure M.348. fLAC pmxability at t =457 s (CCFSO3K) .................. 669 
Flgurc M.349 Pore p-re devdopmcnt dvnbg injoctioa (CCFSO3K) ......... 670 
F !wM.350 .  Streu paths d- injecaon (CCfSO3K) .................... 670 
f i m  M.351. Earn ofyidd zomu cod ofinjeion (CCFS03L) ............. 671 
F i w c  A5.35Z Plmc atnin mofoun u ad of inieion fCCFS03L) ........... 671 
~rgm A5 353 . Chmgc in hcrimnW &hive &OI (C~+SO~L)  ................ 672 
figure M.354. Change in v d d  efhtiw -3 (CCfSO3L) ................. 672 
Rgure A5.355. C h g c  in Ungmfi.l &mve NCU (CCFSO3L) ................ 673 
fimm A5 356 Chune in 00- me=swre (CCFS03L) . . . . . . . . . . . . . . . . . . . . .  673 
br&m iU 357 ~ f r ~ m ~ o  o 20.. (CCFS0)I) 674 
F~gum A5 358 fLAC pcrmubahy (CCFSOII ) 674 
Flgwc AS 359 Pore pruarre dcvclopmmc dvnng tqemm (CCFSO3L) 675 
blgure AS 3M) Sew paths dunng wemon (CCFSO3L) 675 
Fngu(urcA5 361 E*m of yldd roneu l . 273 I (CCF504M) 676 
~agurc A5 362 Plubs -o wm- u 1 = 273 s ( C ~ S M M )  676 
Fngum A5 363 Ovoge u, hamnul d f m r c  smra  .I I = 273 r (CCfSmM) 677 
F ~ g m  AS 364 ~h .ogs  m v m d  dfecayc smu u I = 273 I (CCFSMM) 677 
...... F v N . M S .  ~ i a ~ ~ ~ a t = Z n ~ ( ~  6% 
F w A 5 . 3 6 6  Chuyl+inpmprrnurrat-273s(CCTSMM) .............. 678 
FigurcM.367. S u e s  nho o'/07, m t - 273 s(CCTSWM) ................... 679 
~ i g u r c ~ . 3 @ .  ~ c ~ u t = z n ~ ( c c ~ s w ~ )  .................. 679 
Fig- M 369 . Pore p ~ ~ a  dew!qmcm i n j d m  (CCFWM) ......... 680 
Fi- M.370. Smrr pmh. W injoaion (CCFSMM) . . . . . . . . . . . . . . . . . . .  680 
Figurc M.371. €XI- of yield uar m end of@cction (CCFSMN) ............. 681 
Figurc AS 372 . WE stnin corn- P end ofinjmion (CCFSMN) ............ 681 
Fig- N 373 . Ch.nge in barironW a T d w  sues (CCFSMN) ............... 682 
Figure M.374. C h e  in vafiul ~ Y C  rn (CCFWN) ............... 682 
Figure N 375 . Change in tan@ aT&c sms (CCFSMN) ............... 683 
~ i &  A5.376 c&= in pa& prruwc (cCFSMW' . : ................ 683 
Figurc A5.377. S u e r  ntio 0'4; (CCFSMW . . . . . . . . . . . . . . . . . . . . . . . . . .  684 
Fig- M.378. FLAC pmeabW (CCFSMN) . . . . . . . . . . . . . . . . . . . . . . . . .  684 
. . . . . . . .  Figure M.379. Pore p- d c v c l q m  dw%q won (CCFSMN) 685 
Figurc M.380. S m s  p u b  during injrs6on (CCFS0419 . . . . . . . . . . . . . . . . . . . .  685 
L.ISl' OF ABBIIEVIATIONS AND SwUBOIS 
A -iqwim-emmd 0. 
r' buoyullmit-nigbt 
r bulkamilwiglu 
c. 
2 W eSmiwBiE6onm& D +; plteSmiw6ictbnmgJe e +-- m c o n r u n t v ~ b ~  adon- 
r clutic slop in V-p' rps 
A plutic slop in V-p' space 
S' 
r G-sity 
V' e&ai"~m'i.roo'~ R60 
s' 
n e- 
P 0- 
P' buoy- d - w  c' 
P. Wdendfy 
P, -deadly E 
p, d-ofwater F 
0 nornulrtrrsa P 
a', muimum(0r""jm) pMsip.l f 
CffCEtivc ItRU B 
a; i m ~ d h t ~ p i r & p l *  O 
. m s r  s' 
o', minimum (or-) pir&pl g' 
&ecthrmu 
a'. u n * C m i . l ~ m a r  
0. 
H 
a; h0rim"I.I e&zlk rau 
a'. Rdid dfeXivcrtrrsr 
h 
0' unrile#m,@h 
a', w e  aTed"e tacu 
t. 
0, teaion limit of water 
0: "mid aTed"etacu 
k 
0: ~ v e I t R U h t h = r ~  
0; d ~ v e ~ ~ i n t b c y ~  K. 
a', ~ v e r u a s i n t h c z ~  K. 
r ShearNeSs 
y dilationangle 
. . ~~+lnr60"  
4 
A uu 
14 
B bulLmoddlu 
bulk rnoddw @water 
w, 
2 H e X i v e w r n  rC 
c. &cimtofcmmmre 
k 
mdsdcn 0 f ~ t i d m i o n  
di.mercr 
void d o  
p r b c i p l ~ ( d w + d e J  
auni~..npmmr 
smim 
phd0 -of-@ 
smim 
pluucrhru.mhrhdm@ 
P- 
piunic w e  hmdeahbg 
P- 
C"m 
force 
shuryicldhmstim 
muilc yield fmdoo 
d d o n  due to lpruity 
skar modulus 
ahcupncnli.lrunetim 
tensile potentill heim 
ecgnvity 
hdgm o f w a  eabmri 
hdgm ofwats -I- n a r r ~  
pluni* index 
hydnutio cond- 
(pnn-t"Jity) 
h y d d c  m " m  
"60 of hniron,.l to w,'id 
&&ye sm%3 (saa 
.bsolutc pmKlbility 
d d m f  oflatcnl mab prravn 
at rcn 
horLonW hydnulic m M v i t y  
a t m r ~ t y h a a ( d ~ K . ~  
.n -derivrdimh 
pp"wfmsd 
~or . l opo fa i t id .u1cIhr  
in q-p' rp.a 
parody, or .cJc facm 
luling M o r  
(I*sin+)l(I-,iIl+) 
(I  +sinV)/(1-6n*) 
wasonsolibtioll mdo 
(O', + O', + O' ,p  
~ ~ l p r r a s v r r f n . ~  
lnavrr 
crc*upampnrunrqui&m 
initiate yidd 
plJr injdm praurr maswed al 
pain of injcmim 
do-prrrauroforahyhdic 
IhCNre 
(0, - 0,P 
now rate 
t MIC 
u p o r e m o r n l o c i t y  
V wldly,or spedcvohm. 
w, sq"iam 
w, pl&c limit 





O n l y t h o ~ u p s u o f r a l r h s u i n g a a r s ~ d d u r i o g t h k ~ N ~ v o r l r  
w m r * d o m t o a r l u u a ~ . a s t d . p p l ~ ~ i n m q ' ~ . O i t b m o r m ~  
cmwdmd in rim mndhlirn tdtmbgk Tor tho p- of cmmmhm 
~ d . ~ f h i . * P . o f t ~ ~ ~ ~ l h e - o f ~ ~ u s b  
~ g d E o r r r t i M a . l o g i u l n a ; t s l c p i n t h o d c n l o p m c R o f l a l ~ u a  
mmmarcid appli&op 



Q m m p . a i ( ~ i m t b e m i m m a d i = d ~ * l o m i d m i a . i t e ~ . a d E O N b y  
rclyinb svbamr pouik on in SiN ~~ Cm mmam of eolnmiaucd roil. 
~ p m g n s l h u b c r a m d c - t h p a 2 0 - i n t h e d ~ o f ~ ~ ~ ~  
Ushnologies for the in siw marrm ofcmlmhld &. For ~k tbc VLSITI 6.0 
d.ubuc (US. EPA. 1997.). mqikd by th Techlogy tmwaim OBia within the U.S. 
EPA'sOke ofSolid WutoFawwtwRcrpoluq lists 371 c n v i m ~ ~  by 
2 l 4 ~ 0 f ~ ~ o g i o 1 ~ i n t b c ~ I 7 0 u o ~ b y 9 8 ~ T o r  
t h o i " ~ n ~ o f c o M m i m d . o 4 - d i = m . ~ , . a d ~ * p h u o  
l i q u i d . ( N A P Z . ) . % ~ ~ h d N ~ l i u d l a t h e V I S ~ ~ ~  
10 
1. Adraption s. SoilBu* 
2. Air & R S o i l - d  
3. B i i  10. soheaame(ion 
4. B i i  11. s " & m t w n c o w r y  
5. C ~ t r c l m u n t  1 2  Thnnllyen--=w 
6. h u l b d  13. V i d o n  
7. E M d  sep"li0" 
A ~ ~ o f l ~ ~ ~ p m m b i M y E L y d e p d u i t h e o f a w c P b o r r d m a c  
- u i t b i n a i % ~ ~ o f t h e ~ l u B a , ~ b y u ~ d ~ ~  
~ w ~ ~ m a t h o l u . A l ~ & y ~ o f t h c ~ p m d t y ~ f t h a c ~ -  
i n t h e m m i r ~ ~ , t h e r m i n ~ c 1 T o r B u i d E a v u c p r o ~ b y n m n n y  
a - . n K d ~ o f o a u n l ~ d s r a r r w a h ~ m t h e d  
v c a h s r d m ~ t b c y h . ~ b e e n ~ U , C n d t o d @ m u g r r n u 6 m ~  
p u r d r u r f k z b t b a S . m i a , ~ ~ ~ u . I . ,  1990).mdmdeptb.in-of10 
m in the Candim mtiu Kdk u .I., 1986). 
. . R.mcmaWII mcrwa th.1 involve pmnating Euid mwemmt thmugh mndly f m m d  
clays are limited by the Eomplexihl of the hawe  mmmk and the irrosimd phyriul 
limitations m h i d  now T d d q w  have ken d e d o p l  thn &her change the 
s m , c t u m o f t b D ~ ~ b y b y ~ . m d ~ U l c r r b y h ~ m m r c f i v i t y h  
p ~ ~ ~ ~ ~ b y ~ t b c ~ o f a ~ ~  
12 
H m h o r m l u d d i d o l u l ~ i r l u o d ~ y i n h p a ~ l a r m - u s c o n  
~ - o f p m d w i w ~ f m = t ~ t h m u g b g m v i t y ~ @ & .  
1992).~6mI~dn7*dhmimat.lanOITorcnvirormrnWrrnrduaon . . - 
~ b 1 9 8 8 u p m o f b o r i m m J ~ d i n j o c r i w ~ . t i a n . y a c r m m h  
U W  Sunr DOE SMmuh Riva Sip S h  TshaDIogy Dcmonmnion (US. 
% 1 9 9 7 b ) . ~ m d - - ~ v i t h h m q m j r a a y .  
B l i n d & ~ c & f b c a i b . u m c . ~ w c l l r i m s M t b c ~ h d u .  
-iIc at bnh &. la tbc emkmmd indmq, bnimnW web  pmvide mique 
d " " a d d t i ~ . . n d . m r m u l l o l t M - i m p o v s h ~ o f ~ d ~  
grrrmmMa-p tdmoI*a nau uriog mditiorut &a1 todniqusr. 

~ I o w p l m a b i l a y ~ r v f h u W d t i l I ~ ~ ~ ~ ~  
p m Y i d C t h a p r i m Y y e W ~ f 0 1 w B r n . . ~ w n w ~ - ~  
t h m a w n i a l r c l l . A s d l h v w i d ~ t b c ~ o T ~ & ~ u  
t h ~ o f ~ p r t i d ~ ~ i n t h l o i l r ~ . I n l o i l d c p o s i o w h a c h o r i r a n u l ~  
o r n b a ~ ~ ~ ~ n o - t h a ~ o ~ s v d l s w d ~ b c ~ .  
The US. WA (195%) rrpnts tM hnirmW & am m m  .ppWlls for cmd-xdng 
~ i d . a i v i t i ~ ~ r p d - a r u c h ~ ~ I . n d . a d l r l R . d . T h o c o s t s ~  
mautir.lly in gcologi~ cnvirmnrna th.1 id"& d.y. $.d tin, or -. The 
M - o f h o r i m a u l & i n l o v ~ r d l r m d d k ~ ~ t h r c l l -  
v f i l i . r d v i t h . E o a r ~ p m c u r ~ ~ b y d n u l i c ~  o r d a b a r i a g .  

~ i n s i n ~ C ~ c w d d n r d m b e t k m g . t M p m M ~ m n t m ~ ~  
~ T k p m c s ~ o f ~ ~ b m e h o k ~ t h c B m m a d ~ ~ a B v i d ~ i n  
thebo~k*vindrmgctk~ndiddtm&drt-inthcmsk&thc 
b n e h d c ( e F i 2 . 1 )  I t i r v i d r l y r c o p t o d i n t h c ~ t h n ~ c ~ ~  
~ w h c n t h e m i w r * ~ ~ b a o m c . t d c x i t h ~ ~ ~ ~ ~  
the tanik aauW oftk mcts i.e. dmo; + 0, s 0. 
Pthc rnimr phipal acu bin thc vstirrl dirrclia (0: in Figure 2.1). the 
a r i m t . b o s o f t h e & f n d l r r d b c ~ . I f t k ~ p r i o d p . l ~ m r r S  
b b a ~ ~ t 0 t h ~ ~ ~ ( ( 1 ~ ~ i n P i ~ 2 . I h t h c o r i c m r . t i o n 0 f t h c &  
~ m l l b c ~ . T k i n b ~ m r c u ~ l . t h c ~ ~ ~ ~ d  
Wui* 1 9 5 7 ) " d ~ ~ t h e ~ ~ h d ~ ~ ~ ~ 0 f t k p m p p m , u l d  
v . r i - a b a - o f ~  

N u w r i c J m D d & l u D d t o ~ B M l r c ~ i n p a m * u m r r x r u o b . h v c b r r n  
dmlopdovaaeumbcrofp"d~dartlbli.brd.~m~dds&~inismba~~ 
t i m c o f ~ d ~ w o B v a h ~ v i d t h d l & . ' I b c r r m m b r d c  
q p m c k s d f n . ~ n o d o l l i y l o f ~ ~ o n i n m I w m  
r r ~ ~ i ~ . h b ~ m . ~ ~ ~ ~ . ~ h ~ ~ . t b e - b d g m i a u u m c d m b e ~ n d t b c  
~ 0 0 1 t h . t c h . q g a ~ d m b c t b c w i h h d t b c ~ o f t b c ~ T h c  
P-K- p ~ )  modd (1961) ~rmar thlt tbc ham hu .n roiptid h p c  wbDo 
v i ~ i n ~ h o v a t * . l ~ p m m d * u l u ~ t b c l o l l g . r d ~ o f t b c ~ . T h c ~ &  
K I c n ~ ( l % 9 ) ~ t h u t b c ~ P h r . ~ ~ i n t b c v a t i u l ~ h  
d . n q p m & m d y d ~ ~ i n t b c ~ p h .  


? b o l p l m t i o a o f l k - . l - 6 0 m b m d r y m s L r y . c . ~ ~ ~ ~ ~  
+-two*Wby. 19112). Wawrkaedby-tbmugbtbchot~ 
bavmn tk two basbDla i vlrd to drivs mbitm For d d d  -. Sussoulul 
.wW- of o r  mhmlcm h.n b m  cvriod out in ~ s s v  ~ c d c o  Blvrphy, 19112; Kcn, 
1987). EnglPd (Kar. 1987). P- (Coma el d.. 1982) 2) Gemmy @mmd a d  
K.pplnyer, 19W. 

I n t h c l g d e c d + ~ b u b e m ~ v c c d ~ . ~ t o d m % ? e t b o -  
of conwdo~l  in ritu mmdidon t e c w  L r  the d w p  of cmm&aWd rdl a d  
~.nt~~Baeba419W;FmtdB~.1~;~a11,1996,hUlrdoFb~d 
1 9 9 0 ; ~ a 4 1 9 9 5 ) . S i m c a r ~ 0 4 ~ ~ ~ b u ~ ~  
. n d i r ~ u r s d r n ~ y i n t b c e a v i m n m a W i a d u N y u ~ m r n r o f r r m j a l l  
~ h l m p m e b W y - u m e C d ~ ~ S E P &  199%). 

M n i d T a m m ( l n l ) ~ t b c ~ - ~ ~ d t k  
M of nriaur m h a i ~  soils. I n j W   st. unad out h a niaxid lkwi"g d&cc 
26 
~ u d t  d ~nhsnbsrg (1988) & the mlc of shur d i i  &th mpm m 
pnmbibw mhmcems in oil sands deposits. Fluid iojwha at hydra& f m m i q  
~ F s u l t r i n h a r b . a d ~ i n ~ o f ~ ~ f , m = a . ~ i n  
~ r r w o i n ~ ~ t b c ~ s . l ~ b t h ~ p r " x i P . l ~ . T b e ~  
i n d i a t e t h n M h n n c ~ d ~ e t o ~ m p c l i l r d y m ~ t b s ~ h r m  
s r i d - s o f B m p . t b s - t b c ~ i t r n u s d u a t o ~ i s a d o f  
~ ~ - B m p a b a .  

T h c d e K l ~ o f ~ ~ i m t h e d p I n / r ~ ~ & i m t b c ~ ~ .  
~ d T O h . l m L o ( l % 7 ) ~ ~ ~ o f + w n l ; d O Y t m ~  
t h e d ~ ~ o f m i ~ d ~ ~ ~ ~ ~ l m d a d i , m r h c P  
~nn.P~~m-p.idtoinveni*tbchu-~ebnicsvtirhtby 
~ & B o m ~ d m c d o l l o f p n i s l c l m h a t h a d i ~ - r r  
paidcl.Nodixo~wacobrarsdto-~dcyioMblgtop.lrarcoglb 
S-beginto-.twmtbcp.lltrrqpbKhJdngisthc~modcof 
deformation in the pmdmh of major rmrtura svith mny ljnL mwmm being 
~ k t o s l u l u h ~ r r m ~ .  
% . h r o f t c m b s . a d k b m d ~ o f ~ r d l r t C I L d & & d ~  
w u i ~ b y u u n d . ( 1 9 w ) . s w p t h t a t r - & O L n m d i a a a  
u o i d d . n d ~ p h a ~ ~ g u c ~ ~ v l r d t ~ d c ( C d t h c ~ o f r h e v ~ r . S m i n  
l o R ~ g w u ~ u , b c p t h d ~ . I t - o c a u u h b m d ~ m ~ ~ i t m Y  
-r widlout ths dewlopma of my mnbomogairy. Shear band hmwim i. nm 
~ . ~ ~ ~ o m , b u t ~ u ) - u ~ ~ c -  
o f ~ ~ I s t o o c n r i n ~ ~ a u l d s ~ ~  
~ d ~ t b c ~ o f m o d * l n n i a ~ m n a i . l d ~  
t h l d - ~ r b s v b a d ~ . T v o ~ I p p m r k r h . v o b  
luod to model s b r  mm ~~~ Bnite deawnt% Thc Brit .ppouh imolwa 
~ t b c ~ o f . ~ ~ U ) - T o r d c v d ~ d . r b s v b . " d  
wu--kd~mr, 1~1) .Thcrcmnd~ismmddthcherbadin.d i raD 
~ .modi fy iadthmeaht~ .Eunrmadn~tbcdcvdopl rotof th Iharb . ld (P~ct  
41991).MO1mClhOdl~.OdyeastivdyDodeld~lionqlvgaddorrrmionr 
a ~ y d i n - d d i M r t i m w h i m , i n l m g r m y r r s u l t b ~ d ~  
a kmmcia. 
% r o i l ~ d a ~ y ~ w - t h c l p c n a ~ - d u c t ~ r h c v i n g r m y b c  
low pmddhy roil. tM .re heavily ovncoorolidmd. Sdl m y  bemm ovomowlidmod 
d u c t o a m u a b a o f p o o c r r r , M u ~ a i l ~ o n f i M b y ~ ~ ~ i n  
M a t l M e ~ d a r i ~ ~ ~ ~ 0 1 - ~ l o n s w M o b  
31 

Sc&t a .1 (1991) X i c  *laaxr ofup to 16% in Cold LlLs oil radr 
~ x + t a t h c i r a m p i c d l k t i v c m r i s ~ m z e r o C m m m ~ ~  
~mrudlzMPrmcPabmrmrludsdIhaprmsbilifycb.qpr~i.otmpic 
u n l ~ ~ . ~ d t h s ~ d u m k 4 i m & t h ~ p o m d y o f t h ~ d t b c  
~ p . m I t a n r l u g e o r t D d I h a ~ ~ m a c ~ x + t a ~ o o a u r  
~ ~ p o r r ~ R b a U m b y ~ t o W i . o t m p i c m . ~ w t b o n  
~ m t o d t b . t . ~ ~ ~ ~ i n o i l d ~ " " d ~ ~  
d ~ . t l ~ ~ ~ n r r r r c r . ~ I , . ~ ~ " , i r a t m p i o ~ u o  
~ ~ ~ f t h " . % ~ D O . o ~ ~ t b C r b u r m a n g t h ~ f t h s ~ t h @ l h  
mqmsiWty,dmhunlosy. 
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n e E n ~ T c n F d ~ t y m n ( m I ~ W ~ o ~ o n ~ ~ u S N ~ ~  
stArgemi~vvhi~iruuduasitc€~I~ulc6r16t~ofindh.nd~~Wd.od 
gmundwarcr rrmdinia. tezhoologi~. F i i  tcn piu m -Mrd sviU*. tbc €If Blld 
ferdnB-inndamdun~thcloil.nddcDnainctbcm~~tible~limfw 
~ o n o f t a a d . ( n t b c ~ d o ~ ~ ~ . A i a p l r n ~ t b c ~ ~  
ofthctantpitrkpsemdinF'8y~3.l T h s M ~ v c r o e x c a ~ ~ ~ ~ ~ .  
Test pit lop ya Muded h A p p d k  2. 
ThcEveMpi lsvu*dh2 .7 to3 .1  m i n d c p t b v i I h ~ a d l c o & ~ ~ m t r d ~  
a U t a p i u . ~ ~ , a t h i n m ~ d d . o d ~ f i o ~ ~ ~ m c * n - ~ n r d  
a t . t t h e g o u l l d ~ ~ h m & f m m O . l 9 t o O . 4 2 m ~ ~ A ~ ~ o f ~ c  
topsoil,vdylarth.ll0.1minthislmaS~tbcfio.U~tbct~I.yaw 
a d c n w t o v c r y d ~ e b m w n ~ d . o d ~ W ~ ~ - & . o d  
€requent &ler .nd boulden, Tk Mnmc o€-lking draruod vab dcpUI, md w n  
indicated by the colour h q i q  hwn bmwa ta Ihc lea piu were gCMlUY dry. 
however, w r m e g r m u l u l m r c r ~ ~ v m l e r - e x o m l e d  RoprCxM6vcgr.in 
~ ~ ~ ~ o ~ r w n . n d ~ m n t ~ t m ~ t a ( n t b c t i O u c ~ i n ~  
2 
41 
The rc,ulo ofthe field mbcrrrgruon tnd~rrled [ha ,he roil condrtionr were generallyunifomacmrs 1 
the rest rite. Lebcl areas of the nu. close ro electricity and water supplier. were wlscrsd far 
conrrruc~~on of the rest beds (see R p r c  3.1). 
,A ~emporqrvrvey canrml benchmark(&rignnsd SE) wascrrahlirhednsnrthehs rert bydlbydnvlng 
spllc ,nto the rrmamnr of a former sooden power pale that had been cur o f f  near the gmund 
runscc. The benchmark was gven m arbtlrnry reference slsvation of 100 m for uu %n eievarion 
control dunng conrtruction of L e  test beds md carrying our the field erprimcntr. Elcvarianr 
mponcd for the tieid erpnmcntr are referenced lo the local bmchmark elevation. A survey level 
war used formeasurement ofdeprh mdclevaion dunngconsrmstionmducavariwofthehcM 
and dunng the ticld erpnmcntr. 
. local coordln~te r y r vm  was errnbl~rhed foreach rest bed wlrh rhs cenmof Vle tern bedgiven the 
~oord~norcr 0.0 m S m d  0.0 m E. Gnd ltnes were ermbl~rhed with rrrpccr la the cenm pznt  lo 
ailon rhe cocruonr of  inrrrumcnlorion md ensneering meilrurrmcnu lo be referenced by nonhmg 
mderrting ro the local gnd. 
3.2.2 Test bed excavation 
Ewr%mbon of rssr beds was smed our urlng rmd l  rubber-Umdd tracked backhoes. Topooll and 
ogrnlc matenalr were r m p p d  fmm the ground surface prior ro srsrraing the 
Q 
Tho base of ths tc.f bcd fw FLDrSn wu oxcawed to qpmdmncly 3.9 m below th 
originel ground & (buc d d o n  95.91 m in I d  rrfarncc .yrtno). ' I l e  base of* 
c x ~ ~ M t i o n m v n r d m - o t . b o u t 4 m b y 8 m . T b . ~ o ~ d ~ &  
the exclvuion .rr rhovn in F- 3.3 d 34. 
T h e b . r c o f b n h t c a W c x u n t i o l r r ~ m m p c r o d p r i a t o ~ o f ~ . B u c  
wmpanion mndaod of a MUrce pass arith a m d h  poarrrod vibntiRB plUo 
compactm. -.r, b.e(rrm was in IS0 mm thidr hnimnUI W with each lift 
w m p w d b y . t l ~ ~ p r u e s o f t t * ~ ~ . ~ E o b b b c r . a d W ~ w c r r  
-red h m  the M ramid ptim to wmpdmr 
Ful lor~ng~ompacuon fcich loft. the dcnslry mdmo~rrurrcontentoflhcroll wcrcmcaruredarwo 
la-ruons I;rsng a Tmxlcr Model 3.130 nuclcvdennrnerer. Farall denrlly -ursmnr. the pmbe 
depth was rcr to I50 mmandrhe ltmccovnr wasretar 1 mlnule. A rummwof&nsayandmaaarc 
conrent rest results forboth er r  beds provldcd ~n Appendix 2. 
Te i t kdFLDTST I  was b~ckfilldmdcompicrcdlomrveagegmundr~~ceelevnuonof99.1 m. 
Tcrr bedfLDTST2 was br~~l ledandcompacrcdrom nveragegmundrwfaceclsvationof98.7 m. 
Topogrdphlc runeys were c m e d  our using a surveyors md and level ro &tcmune Ibe m u n d  
iurrace elevrrion of  the tea beds pnor ro the ~njectton rsru. 
.A lerr~cnl ~njecnon well war ~nslalled &I cmrddnnr~ 0 3 . 0  E EE test k d  FLDTSTI. The tip of the 
,%ell , \sat  ele\auon97.12 rn.Thetnjccuon uelluasfabncaredur~ng5Ommdiametcr~hcduIe40 
PYC pipe The loucro 55 m of the well urs wmncd  utmg acommerc~ally rvmlnble well wrecn 
u l th0. l "  slors.The well screen nas 1unoundedw~hII1 n l ~ c a ~ d r o a ~ a n d p i c k d i m 1 c r ( 1 f O . 1 5  
m The xnjecrron well waspporllled pprioito placement o f  back311 w ~ h m  rhc r u r  bedandhe roll 
uor compacted an lifts amund the well The m d  pack was tempomly eonmned mundthc well 
dvnng placement of the bsckfill by rerrrnp the mjection well within nO.15 m divnelrr sheet mcral 
tube uhlch was filled wtrh rmlicawnd. The 
~ m c u l ~ ~ w r r t h a p u u r d u p m o f t b e r o i l u t b c b d g h t o f t h c ~ ~  
a m l m d ~ c ~ o f t b c ~ b e . w h . n t b c ~ ~ t b c t o p ~ f t b c ~ ~ t b c r b e a  
meld tube remod md dditiolul b.EKlU 4. p l d  d m m p d  up &.inn the 
PVC inistion XSO. 
for FLDTSTI, memres m ULcn to pMDt I& Fcm cxaunkg Jong tbc smmth 
h t m f a c e b ~ U r P V C p i p e d t k r o i l  AtthneloutiansJorytbc*uffoftkbj& 
weU, silicone acJ.nt w *lied to thc exterior O f U r  pip d adtin 0.25 rn nd*u p+x of 
p o l y a h y I ~ e w u ~ ~ ~ f b c p i p ~ ~ ~ t h e ~ . T b a p I ~ ~ w u t b m  
r p r c s d o u t ~ u U y . o d ~ b y t k n e x t k f I o f ~ i l .  
h t n t b s d F L D T m . ~ h o ~ i n j ~ w t l l ~ . ~ d ~ t b c M c r p i p I a m d u  
~ ~ ) ~ ~ O . O N , 2 . 0 W d ~ 3 . 0 m l o q ~ ~ r n c t r d . s 6 m m m m b g ~ O . O N ,  
1.5WloO.ON.1.5E.Tba~M.~eduahO.l"rloL1.Th.~ofthe 
horirontalwcUws% 29mThcinj&dwuhbMMMnm-rbodulc 
40PVCpip 7 h e 3 . 0 m I w g d a d i ~ o f t h e ~ ~ ~ 1 ~ b y 1 0 . 2 m b y O 2  
m mnc of V l  4. The WUim unll w psilimed prior to p l r r m n t  d M  
w t h i n t h e t s n b e d ~ U r Y ) i l w ~ 1 ~ ~ W v a n d t b c d .  
Four pore premm mnrducm (PPTr) ~n iM.ued in tea bcd RmST1.  Tbe PITS were 
olibned in CMRE'r Lbontny prior m being ULcn imo the 6dd. Svnwricr of 
u d u e n u l i b ~ d o h ~ o n d . u . r r ~ i n A p p n d i x I . ~ P P T s  
w e r r h v i c d i n t b e . o i l ~ ~ ~ g o f t h e t e B b c d n h e ~ d ~ I h o w  
in Table3.1. 
Designation Nonhiy(m) m ( m )  Ekvuim m) 
PPT - 2 L3311671 
PPT - 3 L356424 97.67 
PPT - 4  4365 OW 97.67 
LDT- I 5421 0.W 0.57 99.05 
LDT-2 5422 0.W 99.10 
PPT locatios are h w n  in figure 3.2. Cabkr for the h r  PPTs m mutrd Mund the 
pwhaer of the t a  bed to s pint ney the mnhM mma ofthe excawdm w h  they 
waethruded~&a*ngthofmanitaingvnlleuingudbmughtvn6E.Uytothe~ 
surf=. a r e  was ukcn m cnauc t~ no rhup pmiclislcr or lpgo COWICI were p w  over 
t h c P P T s o r u b l c r d L i n r i t r d s n n p n i o n o f t h e l l O d t M ~ ~ f ~ i l ~ ~ ~ O Y t ~ y  
Two linear displpluancnt tmsduscn (LDTs)  anrr d to modtor e n d  dcfomutiolu 
during tbc injeniollm. Thc LDTs mc d i d  in CMRERE(i labmamy pior toking 
t p l c n i n t o t h s 6 d d d U l c d s d t h a c d b ~ . r r ~ h ~ I . T h W I T .  
- i n s u U F d a t t h e ~ ~ u t b c I ~ . h o ~ i n T . h k 3 . 1  
btbcto*bedma~of2.0mbalargandrurRadU~~ofI.0mhW 
~ ~ w c l l . ' I h c h r c o f t b c t d r a a r r c c l l w u o r i e m o d u , n r r u r c t h c ~ * r a s  
i n t b c t a t b e d . T b o l o o t i m d ~ o f t b c ~ u s ~ i n T I b l e 3 . 2  
lad us s b w  in €igure 3.3 d F- 3.4. 
C . b l n f n t b c t u r i r d ~ - d t ~ t b c @ a ~ t h m v g h v a t i u l  
p l & t u ~ t h n w u ~ d i n u U t c a M . T b c d ~ o f t h s b l ~ ~ ~ w a h  
a bcmolatc durn, follming mmpldim of th M bed Whcn hd!ing hrr*d 
~ ~ ~ ~ u k e o t o - t W ~ ~ r b r p p Y t i d ~ ~ n ~ c o b b t n - ~  
o v a t b c i n a r m m c o t ~ i o u l , k d ~ ~ m o f ~ n B d ~ ~ o f a i l W L I ~  
o u t ~ y ~ t b c ~ s . A t t b c g m w d ~ t b c c n d r o f t b c u b l o r m d d l a d  
~ i n ~ 5 t o ~ t b r m e i - m o i ~ p r i n t o t b c O l t  
I n m m m t T y p  
Dcaipuim 
P-01 
P-OZ 
P-03 
P 
P-05 
P-06 
P-07 
P-08 
Pd9 
P-10 
P-11 
P-12 
P-13 
TSC-I 
L-01 
IrM 
M 3  
La4 
MS 
L66 
M 7  
L-08 
M 9  
L-10 
PFT 
PPT 
PPT 
PPT 
PPT 
PPT 
PPT 
PPT 
PPT 
PPT 
PPT 
PPT 
PPT 
Smasedl 
LDT 
LDT 
W T  
W T  
LDT 
LDT 
LDT 
LDT 
LDT 
LDT 
S4.l 
N- 
7471 
MZ 
9W9 
C03 
CM 
4378 
6805 
U38671 
3WI 
4365 
4386 
7291 
9104 
- 
$1 
UZ 
$3 
t14 
A% 
M 
U9 
$10 
#I8 
$19 
N-(m) 
1 .O 
0.0 
2.0 
3.0 
0.0 
2.0 
1.0 
3.0 
0 0 
2.0 
W.fertmk 
0.0 
4.0 
1.0 
4.3 
4.3 
4.3 
4.3 
0.0 
0.5 
1.0 
2.0 
3.0 
4.0 
Loution 
Fsing(m) 
0 0 
0 0 
0.0 
0 0 
0.0 
0.0 
0 0 
0 0 
0.0 
0.0 
W.ferUnL 
2.0 
0.0 
0.0 
-2.0 
-1.0 
1.0 
2.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
Dlp(h(rn) 
3.0 
2.5 
2.5 
2.0 
1.5 
1.5 
1.0 
1.0 
0.5 
0.5 
WUaPnk 
WeUhrrd 
0.5 
2.0 
0.0 
0.0 
0.0 
0.0 
a o  
0.0 
0.0 
0.0 
0.0 
0.0 
P U N  
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T b c p o n p u s c d r o r ~ ~ ~ s l u ~ 1 9 n r m d o a c o u p l d g r ~ ( F i 8 " 3 . 5 ) n t r d  
5 0 . 6 3 V s m ~ ~ d u p l o 6 9 0 L p . ( 1 O U S ~ @ 1 W p d ) . S ~ o ~ d a ~  
au~wtkpmpareirr*d.dinAppmdix I . I t ~ . f o u o d t M f t h a i n l 0 ( ~ ~ n t k  
gm puap wu lm, ma puap wovld uvime d dimpt the flow of Ma. This w 
~ 1 0 l v c d b y a u s b i n g a M n r m ~ g " o l i a e ~ d B . I I " l p i n - l i r r -  
t h c - ~ d * * r i d s o f * ~ p l m p . T h c ~ p l m e ~ d s d . ~ ~  
b i ~ ~ p ~ ~ t h c p I " l p . ~ ~ t h c ~ ~ t b c ~ . " d  
t k i o j c c t t o n d w a a n u d ~ ~ M m m ~ k a v y d u t y ~ p ~ c b s e  
Data acquisition wu anird m thc ta us@ a S d d c  CRlO 
m c u u c m c n t d m m l ~ .  S h d . u c ~ w r e m o ~ ~ t h c ~ l m  
( ~ p o ~ ~ m ( u d y ~ ~ ~ d f V O k ~ ~ ) .  
Y 

MmbFdVucodN 
W r s f i m w n a w i t h ~ i a d 1 ) o d y e ( w c )  
hjrsfim EM with v i m d k  d dyco (2W) 

~ t h e ~ a ~ i d ~ ~ 1 ~ a o t b e q e c t i ~ ~ ~ ~ ~ 2 ~ ~  
~ t b e ~ c ~ ~ & i d a p ~ u t h e ~ u m E c 1 . 4 m t o t h e ~ o f  
the injection well (scc R1prr 3.6) Tbc -8 wre slopped .A= 3 of i n j d m  
dvrblgarltihtime~yll4~ofBuid-~imothearcOarcOTk~ 
Tm 
10.30u. 
10:34am 
l0:37 am 
10.38 U. 
10.38.5 un 
10:39un 
10:39.5 am 
l0:M un 
10% u. 
10:SO u. 
123 p 
I : 3 0 p  
Event 
Wnjrstiontestdytobegb 
D a I a ~ s y s t e m o n ~ ~ d . u )  
Pump om@@ pumping Buid imo h+m wdl) 
Tk Bow m e  imnrdiatdy -to lppmrrimmch. 0.63.l Vr ad tbcrr is 
an initial w i d  increase in i n j h n  pmssue to qpmmnudy 83 kPa = 
meamrd U the w 4 W .  Begin aU&g &we movemeat d.1.h 
ruwq pins. 
hjcction Bow a0.631 V5 @ 69 LP. 
hjdtionflow 0 0.631 Us, pm- 8 62 LPa 
h j d o n B o w  eo.631 v5pmsue@ 55 Lp. 
'BluC fluid ap- an g m d  avhec -x. 1.4 m nonh of w o n  
well ima b d f i m 0 . 5  m W t00.5 m E  
Injection Bow @ 0.694 Vs, p- @ 55 WI 
Fluid mohnucs to Bow OYt oftbe mil omothe smf8ce o f t h o M  bod. 
Stop pumphg (appmdmady 114 W o fh id  & dmbg m). 
DiyoMCSt BOW meterad hose fmm injomOn wd (cma* Euf offtop of  
MO) Fluid BOWS cut ofiojmim (wU flOm the M bed. 
Fluid level bcginr to dmp in inject iood.  &&in respm% 
,.iIh time (f.ui,,g kd M ) .  
Stop d m  muidtion 
~IcMta(uipmcmCrryoutgrmmdsmf8cectnnIon- 
on runt m d  as aw mmqed h&re hjection test 
D i r p l . o a n a m ~ h d h I d . a i & j l l n p i d ~ o f ~ l m m d w i w  
t k ~ m ~ d 8 u i 6 ~ T o u 0 d b y a I ~ ~ 1 n p a b u t ~ k d i ~ n n  
h u i n g t b c ~ s r d a - i d ~ n . L D T 5 4 2 1 1 o m s d 1 . S m ~ t b c ~ ~ w e 9  
m c u a u r d . I l l . d m n n v a t i u l ~ 1 p a p x d l b o u t 3 . 5 m a t b c W W i l l ~ m w ~  
~ . ~ 5 4 2 1 . l o u o d 0 . 6 m ~ t k ~ n w e 4 ~ ~ ~ r e s p n s e  
o f . b w t 2 . l m m u t h W t h l l ~ w u ~ . A f l c r B u i d ~ o ~ w * o p p o 4  
both LDTr rbovrd I gdud drop h tbc gmund auhrc clvuw, .ad a pmunmt 
dirpl.Cmm of.p,"whudy 0.5 mm. n"hce dirplremat m t"@. rvnyar 
I e v d ~ m d . w u m ~ w i m t h . t ~ v d q B t b c d i ~ ! a c c m m t ~ ~ .  
F o ~ t h c h r j & - t h c ~ b e m d i m d M t h c d d 8  
~ k . d t c a - M * d o u t b y ~ t h c a o p h ~ & ~ ~ h t h c ~ o " a  
t i m T b c i o i t i . l d ~ q & ~ M t c a s ~ ~ ~ u r i l y l t h c H v o n l s v  
(1951) pmoedm iamrpaned in- the cnnpaa pmlp~  SrprSlrgsvhich is d i r m i t d  
b y s u r p o i m s ~ . ~ H w n k v m a h o d ~ t h c d d ~ o n o f t h c b u i c t h r r I . s  
d ~ ~ a p l o t o f t h c s b . q l o i n h c u d b t h c d v s r u s t i m c . T h o m n s s  
~ ~ c y o f t h c d p i m t ~ t h c ~ ~ ~ ~ ~ b c 5 7 1 @ d s  
u+ lkh water. Tbc - b o ~ ~  p-m&My from thc poltCjmion tart wu 1.4 
xl@dsuringinjslionBuid016.9~ I O d o m l r d e r ~ f o r t h c ~ h  
~ r o a y - t h c h ~ e u i d d 6 a h ~  


P-OI @PI 74-11) -dam@ d . h o d  m mqome duing thc I&. ~ 4 5 ,  P m .  Pd8, 
P W ,  P-10 d P-13 (see P i p  3.3 d F i i  3.4 Tor PPT I d - )  wee -uorldog but 
recorded no m +he injsstiontc.(. Tba mqome o fP66  V 4378) 
w u o m t i s d u c m a p o o r o * Q i d u M c d c n . ~ - ~ ~ ~ ~ m O P o f p " v e  
~ b y ~ - l l ~ g a d q k t i r m ~ h ~ m t b c ~ B v i d I ~ h B c ~  
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&& oftea boa m s n  for remod o r i  d mapping of* mrr 
l o u t i n u b a s m m ~ 2 9 d w u r n n p W o n N ~ 3 . A ~ b b o r ~ ~  
damclicd-warerrvtilircdh~~~~&tcrtbrd.Ducm&highly~ 
~ d ~ w F a h a ~ ~ * P . n o f U K t C l t b o d w - M n d ~ ~ 3 . 1 3 ) .  

Fiiore 3.5. Injeotion pump for 6eLd M 





TEST BED-PUN 


S F . l i n g I a ~ h . v c b e m - d ~ d f a a l l v m b c r o f ~ d t l u t i w r . ~  
~ ~ t h c d ~ o f ~ , r m i n r , ~ e p g c p a c c a r c ~ m n s o l i d . f i o o , p u t i s k  
da as, nc. have been d i d  by nuay anbm (see &-I5 Schoud4 1980). A 
compnbauiva dirsvuios of s d h g  laws dad to cnvirrmmd geonrrsh.niu and 
l n m p m t ~ h p m o w ~ - ~ ~ ~ b y C ~ H ~ d ~ ( 1 9 9 5 ) .  
~ ~ ~ ~ d e ~ a m ~ h T a b I c 4 . 1 .  
76 
n - ~ b y ~ ( 1 9 ~ 1 ~ , t h u ~ ~ ~ ~ m ~ ~ i n t h o c e m k % + ~  
r o p u i n d i f h r r m ~ I n n ~ ~ b c ~ B r m o d r O i n g ~ r ~ ~  
b wmned by 8 f&m smess or yield smess. Bfla nutsrials am tho= &ds which m 
o h . n a a i n d b y . ~ m u ~ . a d * ~ o n i ~ b y t b c ~ 0 1 1  
d s ~ . k S ~ ~ . o d r m l t i p l ~ * ~ ~ ~ ~ . ~ n l u c . ~  
bchviour d t h c  sil used in this d is q& diWrrm 6mm thc bCh.vi- of M k  
m d r r u s h u i ~ s l r s ~ c ( c . . a d a b ~ t M ~ ~ ~ ~ I ~ - v . ~  
~ b r i t t l e n u t a i . l s ~ . p p t i u b I ~ I t k W r c l y t M t b c ~ o f t h c . o i l u a d h ~  
~ i s ~ b y f . i k v c ~ d ~ d w d a l E o t l a i T u g . ~ l ~ a n  

r h c r r p i . t h c E u i d ~ . v i s t h c a u i d ~ . D i . .  
( h c ~ d ~ ~ ( ~ D D o r D , o ~ ~ d ) , d w i s ( h c ~ d t b e  
p o n  Elrid. Bar (1979) WsPcr tbn (hc - litnil fw himt Bm* is 1 RcymIdIds m m k r  
o f - l d I 0 . F o r t h c - o f ~ m d i n t h i s d u ~ d . ~ ~ ~  
d c n t i ~ o f 5 0 & t h c ~ & ~ ~ d h O . I  (OO.Zb(hcSpaarhacL.oh 
tutruudfromo.cnm 1.5inthe.iltydtutr.Forthis-d-1ds-m 
E d d E o w i s ~ t h e ~ r r s i m d ~ s L a w i s M l i d .  
Soil haring for C I I ~ ~  qpliuti~m isa m M of reear& n e m  is no 
~ m o d ~ t h c - i n a ~ u l ~ ~ d r n p R Y i ~ ~ r ~ b u ~  
& e d a d m d ~ ~ ~ I r b d p f w ( h c - . B u o d m ~ d ~ ~  
scdin8 lam, b U r n  of thc -ge injdon mdds am ruled horn tbe 
P n n M y p s b y 4 = ( 1 / N ) ~ . S t n r r e r d E d d ~ i n t b c m o d c l u c c q u i ~ . l r p t t o  
smraCruudEuidplcrurrrm.lulognulanionsinthcpmmtyp.Soilpropatiol,i.o. 
d ~ . ~ o f ~ d B a ~ . r s c q ~ u t h e m o d s l d p m t o t y p s ~ .  
79 
~ ~ d n d p m ~ ~ ~ ~ d ~ , ~ d , o e q u i ~ . t *  
model and pmtayps &. 
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Tab@ 4.2. Typical geotdmical propdesdSpmMtebdin 
Nde . ~ ~ V r r r O u l D d ~ ~ ~ i m ~ 1 .  










T l a ~ ~ p a w v u ~ a t t h c ~ ~ d n g ~ D ~ c k p n c -  
-@PIS). TbosucllhrdlPPI m a 6 h  used forteus CCFSOI. CCFSOZ lad 
~ S 0 3 ~ ~ i n R 1 p r r 4 . 7 . F o r k t c n S h c ~ . u u ~ ~ ~ M i 0 0  
- m n r p k t e d r a s h ~ d ~ ~ ~ ~ ~ d o n t b c ~ r r l I p r i w w  
rcsf.rtb. thc d p .  M Prrrura '%'&lop" md WoOddc" wme louted 
1 1 0 m l a d s 5 ~ ~ v s l y . l b o w t h c ~ 0 f t h c r o i l .  
OCR (at n-5001 
1 10 too 
0.00 
0.05 
- 
0.10 
5 0.1, 
- 
g' 0.20 
- g 0.25 
a 
0.30 
0.35 
0.40 
a) Desipn OCR vm dsph in centrifuge at509 
K (a1 n-5Op) 
0 t 2 I 
0.00 
0.05 
- 
0.fO : 0.t5 
g' 020 
- 3 0.25 
a 
0.30 
0.35 
0.40 
b) D ~ e n  KO with depth in Cenbifuge at 5% 
m.mr.3. v a r i a t b n r d ~ o c r c d  ~wabdcpth 


.: INIECWW if WELL 
! 

Th injstion fluid ooaristd of mixme of MahyI- pauda and MP U a 
~ d l o g d ~ p o v d a p r k d ~ . R i a r m r p b c u p . t b c p u m p  
y ~ . m c w ~ d ~ t ~ w c 9 ~ m c m ~ g ~ t b c d m m c q r c l i o n p u m p  
arar~~injslion~d.C.rrvu~m~mc.maunofdrrrmidngintbs 
d l o d N t h s  



Fonming tbc oompklim ofad, bKkuiLm at for CcTSoI. CCFSm, d CCFS03, tbc 
c a ~ m r u b ~ t o . a o p , t b c ~ * d t - - h t b c s r r U d t l r  
~ d t h s n a a n b l y . * u ~ U ) ~ ~ m w ~ h t i m r I b c d y w u t h c l  
b o M b . & m o t b c ~ . ~ ~ r a i m ~ ~ h ~ ~ ~ ~ f c a t u d l w u  
R m D v a d u ~ . ~ ~ d t b c w d l . * u ~ . I b c - - U r m ~  
atmcmtmladimdwrrdintbcumcnulma~ruAescnMinSkoim 4.5.1- 
~ o f a p c k w m ~ .  




folbwki$pbmai on a&&ge arm 


T.bk4.7. q& paurr rapoam 
C l F S 4 M  
N 
0 
P 
m R 8 l e T d  
* t ~ d w d c = ~  
h ( L u & - l O W Q * d M S t R  
h l ) r & - g I D m - d U S t R  
h ( L u W ~ l O ~ d 1 Y I t R  
h lh .&-Ds2e&yUIdl3( l tR  
r C n h W - x i e -  
LCUW&-ID--dZb3tR 
r m h W i ~ g , o ~ - d I Y I t R  
L C U L h . a ~ ~ I D P a d y Q . t c d I 4 Q t R  
L c n W W W - o f I 2 9 k P a  
- W e - r i I b t l m c  
LCU#bm&WQUC169-  
- l b u & w r i I h t l m c  
Tam 
E L M E  A 
B 
C' 
D 
C C P W 2 E 2  F 
G' 
H 
CCPW3 I' 
P 
€2 
L' 
No*.: ' L . 1 ~ 1 1 t e s , . s ~ - d " - b k ~ f u i f u i ~ I D t h - w ~  
thsdcncidrn- 
S o * l a d - m n c l t h h m - - m  
67.6 
774  
1195 
I W 6  
Ma"hm 
prrarr 
McrSoknad 
-&w.) 
1121 
1548 
I l l 0  
1007 
WE3 
,932 
758 
2 
162.2 
179.4 
119.0 
117.0 
R.L 
- 
P, (LR) 
%.I 
%.I 
191.0 
2113 
345.9 
2927 
203.7 
2033 
162.2 
179.4 
119.0 
1270 
6S.7 
149.8 
119.6 
160.6 
AtWs#dy-e68tR 
wmm.di~~04-*it.lir 
bhW&Zrdnzntb6.r 
ILII(LuFakdXI(YUYnLb6.r 


~ h . o f t h c b * c & m s c 1 ~ t h ~ W d n l p ~ ~ i n P I ~ 4 3 5  
w 4.40 l3r CCPSOl 4 wstiom d ht F- 4.41 to 4.45 h CCFS02 4 d m .  
~ ~ o f ~ h ~ ~ ~ t b c d n y I . l d ~ 0 ~ i n ~ g u n s 4 . 4 6 u d 4 . 4 7  
for CCPSO3 d ht F- 4.48 and 4.49 fm CCPSM C- &re prrrnsd in 
~ ~ ~ 3 . w h i c h h t b c ~ o f U r ~ m s n i a b u l ~ d s r r U s A w L  
~ ~ ~ o l u o T t h ~ m r o * m * m r d m p m v i d c v * s n o f t b c ~ ~  
4 h t b n a ~ ~ 1 8 c l . d 9 0 n 2 ~ ~ . n p l o m D d h t F - 4 . 5 0 w 4 . 5 7 f o r C C F S O l  
teds, F- 4.58 w 4.65 WXWZ team, in F- 4.6- 4.73 Tor CCPS03 tests, a d  
hF-474~4.81 forCWSMtes. 





! ; :=I 2m 
(50 
0 Om6 am 0015 0.m oms om 0.W 0.04 0 . w  0 .0  
IW--Mn(ll) 
1 - 
xa !im lmO Dm6 001 0015 i(mn (La Vd- 0.- w") 0.m 0.W 0.06 OW 0- 
o.ms 0.01 oms o.m oms o.m o . ~  
I-Mn*m"l 
lmAol 0 0.01 om am om oob 
L*danMhn*w..l 




Ilgurr 4.29. Gmund m a c e  d * r m m t  vn thns for weU G 
Figrrr 4.30. Gmund mrFace dkprmmt YI lime for weU H 

l4gmX.e 432. H0,imaWcxtcm ofd* mar for m m  


W c l l A s a ~ w e U ( a O O m m ) )  
Tk &smnhmuly has rmhattd at 
1ocatWOS abwP snd below me 
1nqexmn m%msl 
- 
Ftom 4.37. Dye trsce ihmwcU C - S&n 2809 

r i a r e  4.41. Dye traocfromweUE - Scctian27C 

Figom 4.44. Dye trace h m  well H - S&II 190° 
IRPm 4-4s. Eye tiacch d B  * SectloaflOO 

WELL N 
CCFS- OV 
WELL 0 
CCFS - OV 

c.%wI 
YYULA 
Fkmm 4.51. W a 27tP of dye tmm lor vsu A 





P*.m 4.59.90 to 270' vLw ofdp uaces for well E 


Fiirr4.63.90 to 2700 v*wofdp t ~ n  for wdlG 
Fig.= 4.64.0 m 18W vin, of dye ma for MP H 
Pisum 4.6  90 w 270- vin, ofdye ma for well H 













% ~ ~ S ~ t c a i l ~ ~ C R I S P . i s . ~ M c r l e m O m . l u h a r  
pm- that wu davslopd over 20 years .go by rrrPEhaa at CmbW.c UdwmWr 
f i & & n g ~ h t h e U ~ ~ . T b e p m ~ p l m w a s a i ~ ~ ~ b c  
r u n h a r m i n f h m c ~ . M h u b a n ~ ~ m ~ y e a r s t o ~ o n ~ ~  
~ ~ h . W S ~ d m m c ~ w i t h . ~ U . a l n l ~  
for opntine lmdm Mlaoroff Wkdm''' 3.m TIY three plirmry fomponnu of the 
167 



F L a ~ ~ r o f ~ F L A C . v a d o n 3 . 3 , i r a ~ d a p ~ c i t ~  
SkOdIh fW a-8 compuUti011. A d W 0 m  of tbe 
t h c o m i u l b u i s o f t b e ~ p n q p . m ~ d t h c ~ ~ . r m c h u a ~ o  
~ b y I p a u ~ O r m p ( l 9 9 6 ) . T h c p g n m i r u r d t o d d t b e ~  
o f ~ s Y i n o f r o i S * ~ ~ & ~ , t h t t ~ y ~ p ~ n ~ * m c b  
yield limit. are rrrchrd. 

b s i d a b s t b c ~ d ~ d t b s ~ - w t o n m b m t b c ~  
of tbs shr bmb (see b -L; CuwWl, 1989; ChmWl. 1990; d cund.u, 1991). 
M h o v ~ ~ p ~ d b m d d e v d o p r r a t i o o d c O o d ~ , b a d d o r d ~ i r ~  
d c p m d c a d P W L C ~ i n m t ~ m o d e l t b c ~ o r t b c ~ o f s h r b . a d s .  
V~t~dtod-~dirrusrwercmnridond~relertiDg~compvtapqp.m 
b~gthc8uidis'kti011pmanItr~~6ardmbe.-&EicRuacof~ 
r o u t i l i a ~ ~ h r o ~ ~ ~ m o d s l W ~ Y d y f o r ~  
p m j O S t . T b c ~ l b a r M b e ~ ( o r ~ ~ ~ . n d . b a r M b c ~  
a r b l i r ~ d t k t b c ~ ~ . h . ~ ~ w d ~ ~  
t h c @ r s ( i ~ n w ~ . & ~ a m l ~ ~ c l a ~ e - m b e o t -  
~ m t b c ~ ~ a r r r r & d e k " m u i ~ m ~ ~ ~ b e r m r i r d o v t  
~ & , g ~ p m g n m t h t ~ e s ~ ~ b c o u c c . g a m d M a E a r ~ ~  
n r p o t l l a d t b s a i l . T h e ~ ~ d ~ ) b e I b l o m ~ t b c ~ 0 1 1 0 f B d d h M  
thc soil tbmugh 8 wclt (i.c. Bvid . ~ a ) . T b c  p- W haw an ek&p!mtk 
'mstiMi~~modclthtansimrl.tc~w+.hmingbDLNiav~lbarMh.ucthc 
~ m m o d d ~ ~ g a d u c m ~ . ~ w r r d o + u m  
h a u d h c ~ - n o d c l ~ w ~ & t b s ~ ~ f * b M d s .  
Tbc S+SofIeni@3arhing model herpmd imo m C  is  b a d  o. an 
i m p l e m m u t i o . o f t h c M o b r ~ m o d e l ~ o o n k m c d ~ m d u s o d . t r d  
tension Ewv rules. Th bawe. thc so^^ modd ad thc 
M a h r S o u l n a b m o d e l " t h n t h c c o h a d o n , ~ ~ d W ~ m y ~  
m d s r r r r c . A c r t h c d ~ t o y i d d ~ . T h M o ~ c a U l d m o d c l . . ~ ~ ~  


A c  - (x ( A y  . A q . 9  + ,4Ae.V+ rXAq4 - AC.~)'I* tE4n 5.91 



' T h r f i n i ~ d i t r d i t r @ ~ T o r l b i r M ~ W ~ ~ ~ d 6 . 4 ~ h * i s a  
. C . , l l . l m m m ~ .  T h r ~ ~ ~ 4 ~ ~ . n 8 4 3 - ~ ~  
6 4 m m h y b m ~ ~ t d I t m U r ~ ~ U .  
We-  (Oolda Asnciaten Ltd . 1994). 






~ u m c r i u l ~ o ( t h e ~ ~ d 6 d d ~ - c u r i o d o u t v r i a g  
pmorduror*tothosc~de~tbc*~.Ik~~iduiO1ll- 
l u n ~ m o d d d e ~ m d 7 B n b t b c f i M t c a r u l u d ~ p W  
r u n r ~ s u r * d o u t ~ ~ t b c r i r s i m ~ b t ~ r c l f ~ ~ ~ f t h s a l . F ~ ~ h  
E m a a u ~ ~ d n u l ~ t h c ~ d u c t o l p . v i t y ~ . ~ t ~ ~ H ) l i 9 . ~ 1 m ~ 8  
(tau CCFsOl, C m o z  a d  CCFS03). a 25 x 9.81 ~s.'(tms CCFSM M d N). Pmc 
~ ~ ~ d ~ m o u - ~ t h o u ~ t b c d m u l u i ~ a  
di-~-tbc~rmr(raT.bk5.4rmdhSUdd~1nFigur5.4). 

. m o a t a n d U T y i s l d - . t ~ c n d o f b ~  
. p l u s c * a n i n a t h e c n d & i  
. t b a ~ i a s n i m r m l ~ ~ a r r u f ' . , , " t b a ~ ~ i - d i , i ~ "  
duc m Euid &abn 
t b a c h . a g e i a u a t i o l e f f e m i v s r m u ~ t b a W ~ m a d i a n d u c  
m w @ s t i m  
. t b a ~ b ~ . l ~ a r r u h t b a q & ~ m & o n d u c t o  
tl"idMe.9i.m 
t b a ~ i a p ~ o p . o u . o k m t b o W ~ i - d i , i ~ d w t ~ & d d  
M 
. tbcntDof~mwside6euhrm~uatba.adofi@&m 
. ~ d ~ ~ d u c t o ~ g  
. ~ p m ~ ~ ~ t o f p ~ ~ ~ t b a ~ "  
Pri0d-d 
. hislory @a r k m i q  a,' hizonld) va q' (wsid) rmu pthr of .oil 
dements tba &xi011 psiad. 



h l M g ~ t e n Z ~ Q f i v r u b i D j r c l i o n t c r t r - E . n i s d o u t n ~ l o w  
~nsroS0240.40,1.0,0.25,.Id0.40mV1Awhrm.of85Odanrinjdduing 
mb-tesm (ah @). (E). d (dh .Id 200 mI w i@jmed dwi=% (c). The - d l 4  
foO~crhubiDjstiontartfm-p"pmsumf~di*ptcdthcailsmpar 
t o ~ I n ~ m o d d t b i r ~ ~ ~ b y ~ o f f t b s i n j ~ ~ r s c . I d  
1 o ~ g ~ m o m ~ a t t h c v p p r . a d l o v c r b - d u i w w h r l ~ M W i n g f o w d s  
t h m u s h t i w h l W 0 s . ~ h t b c Z P R A C 2 ~ o n ~ p e x n d h ~ 5  
~ S P ~ ~ M . ~ I ~ ~ . ~ O ~ U ~ - ~ ~ ( O . Z ~ ~ V S ) . F ~ M . ~ ~  toM.MIfarubranb 
(o.40m~),F~M.61mM.70for~tcac(I.OmVr),F~M.71to~.80fmrub- 
a n d  (0.25 d s h  a d  ri- M.81 m M.90 for nrb-tnt 0 (0.40 &I). 


~ c h m a a t m 2 n U C 3 , r b . ~ ~ m ~ - u n i e d o u t ~ d s n u l y h i s b  
~ n t a r o f 1 , 3 . 1 0 . 3 0 . 3 , ~ 3 0 ~ s . A v o l u m o o f 8 5 0 m l a n r ~ ~ ~ b .  
tcnr (a), (b). (c), (d). d (4; ad  200 ml - M duriql(9. Fdhviw d ub. 
k j ~ ~ ~ m m ~ - ~ l o r - - ~ m ~ m d t h c ~ ~  
t o ~ . . R a u n ~ t h c 2 m . 4 c 3 ~ ~ . ~ ~ h ~ 5 " P ~  
U.9 l toA5. loofm&~(a)~ImV~Pi -A5 I O l m M . l 1 0 ~ u M a t @ ) 3 m l I *  
P ~ A 5 . 1 1 1 t o N . 1 U ) f o r ~ ( c ) ~ I 0 ~ F ~ M . 1 2 1 m A 5 . 1 3 O T o r ~  
(d)a30mYs,P-M.l3l toA5.I4Ofm&01~(e)a3 mVs,dF-A5.141 to 
5.150fmrub-M(t)530 m h  
~ i r a u b d ~ i a ~ i r c o f I h y * ( d m ( ~ u t b c d o f u b - t C * @ ) U 3 m V s  
(Figure N . l O 1  and Figme N.102). .llr mrr of inacurd pore premm hu p m m  
~ y ~ - M . l O S ) d t b c S O ~ a e i r 0 . 3 Z m h ~ w e O . ~ l o l u o f  
~ b ~ e R O O L i Y . ~ t o t b c d d c o f t b c v r l l h u M ~ r u n b a o u t a n r d l h  
t b c d d t b c ~ d a o f t h c ~ w n d r t D n h u ~ @ i g u r e N . l 0 3 ) .  
N ~ ~ ~ s h u ~ ~ d ~ I b o ~ d ~ t k p a i m o f  
~ ~ h o s r r v a ~ b u R o f d d v a t i u l ~ r m u t o t b c r i d . ~ f t b c a n l l h u  
g o l * n ~ - M . l W ) . . l l r ~ ~ w h R d u e r d m a * l u b ~ ~ . *  
tbegrrmca~ooruniagacvtbcyioldmaewigun~.105).Tbc~mofrkvmrd 
r m o r m i o i r l m t h b * c " k , ~ . a d ~ t h c y * M m a a ~ n b i d c l ~ g u r r  
N . l O 7 ) m e ~ o f ~ ~ ~ & O . l 4 m ~ ~ w e O ( F ~ N . l ~ ~ .  

~ ~ o f t h r ~ m n c ~ t b a - U t h c d o f r u b - t s r t ( O U 3 O l l l V s F 8 y r r  
N.141dN.14Z)u*~.uthadof&tsrt(e).Tbcaeospncperun~hu 
d o o n u s d ~ d r c a d . m w m d ~ 0 . 4 7 m t o t b a H ) k P . m m w ~ ~ N . I ~  
~ t b a ~ o T t b a p n c ~ ~ a r i t b i n t b a y i d d ~ h u ~ . I b s  
.b.pofthacgrcliva- dianhticmfp-A5.143, N.144, dAS.145) are & 
t o & ~ ( e ) , b o w s r r r , t b a t b c v c n i o l ~ m i o c r r u c i . ~ l b o M a d W o v t b a  
body ofthe yidd - for (0. Alpi4 tba mio disvhtion T i  N.147). d tba 
rcgiooofcnlumdpm&&ly~i8yrrM.148).n~lytbawuforIUb-tCN 
(d) d (C) 
A bmimmW d i - w  yield mnc h u  dcvclopd u hdicaed by Figma M.151 .Id 
M.152 ~ i s . n e l l i p c i u l r h . p O d ~ o f ~ p m p c u v r r v v i t h t b s S O I r P .  
m ~ l d h 0 . 2 5 m ~ ~ d ( F - M M 1 5 6 ) . I h n ~ d ~ ~ ~  
~tlYtipoftlYy*ld-~tbsra4dbcl0~tbcvsq~~tbsP"pcuvrrlu 
d s m w d b y h 5 O k P r I k ~ a r s c s s p n o p m s m m ~ ~ y i d d - i *  
~y55om.ttbs,.,im.fiiobiopTllC~.trrn~vsnif.sd 
~ t i . I ) ~ ~ - t b s y i e l d m a e w k r e ~ ~ p m s m m ~ i s ~ ~  
t b m ~ ~ ~ h ~ m c r r ~ d b d o w t b s y i c l d ~ ~ - M . 1 5 3 . M . I Y  
~ A S . l 5 5 ) . I k ~ r n t i o d i r m ~ ~ t m t b ~ ~ ~ . I d ~ t b c y i d d  
ma(FigweM.157) A r m e o f c n b m c s d ~ h r ~ O p e d t M a t m d 1 0 . 2 2 m  
htbcd(FigweAS.158). 

At thc md of rat 3FRACI. thc $4 rwo exmds q p m i m U y  0.42 m himmdb 
d b m  UT i n j w  4 p- A5.181 d Fi- M.182). A lyp buIb of 
~ p o r r ~ ~ ( 1 t h c y i c l d r m ~ F ~ N . I 8 6 ) , ~ t h c 5 O ~ ~ E W t ( 1 1 l  
I&O.38mhUT4.Arrgimofdudp"prrrurrk~.dj~UTtrP 
o f t h y * l d m n c . T b e ~ e a c s t i v r ~ i r n d ~ ~ t h c ~ ~ d  
~ l b o v c d W o r t h ~ - ~ - A 5 . 1 8 3 ) . T b e v c n i u l o g s t i v c r t n u n d  
M 

A E u i d w l u m c o f ~ d w u ~ m Z W m Y s ~ t a 3 F l u C 4 . ' I b c t a w . h m 2 u  
m 3 m C 3  but rith holimml d -tical euktiw aaxr. RDulu 6- thc 
3 m c 4  simdmim uc pmmd in A p p d i x  5 u€i- A5.201 m A5.210. 
At thc d of tea 3FRAC4, &e yidd mrr atcnds 0.36 m horimnWly 
outvvar h m  tba injeuim d (Figurn A5.201 and M.202) A bdb of imarod pore 
p r r u u r r a u m M d r t b a y * l d m r y ~ ~ " M . 2 0 6 X w i t h t b c M L P a ~ ~ O . 3 5 m  
6 - t b e d . ~ o f n d u d p r r u a r r ~ l o u t e d ~ d b c l o w t b e p o h t o f ~ n  
d I d j . E a a t h c t i p ~ f t b a y i ~ m a a . T b L e f f s t i v D r t r a r r r ~ u s t i ~ d  
~ W . r r r o d u o c d ~ & e y i o M m o e d ~ ~ d b o l o w t h c ~ I o N  
( F i i A 5 . z o 3 . A S . 2 0 4 d  N.rn5). Tbc arruntiodbhanimirsidarhaw-mnce 
m that ob-ed b prrviavr skuwhs ( X i  A5.207). 'Ibc @rm of dmxd 
~ - d h m ~ O . 3 5  m6-tksurllFi-M.208). 

M . m , M 2 2 4 , M . W ) i w t o u t d d e 8 ~ d & o f p m m -  
@ ~ ~ . ~ 6 ) T h e a r r u ~ i r g r r r c a ~ r c y O . 3 5 n h t h s d o m a O . Z  
m high regbn F i  M227). 'lbc mrr of pmmbility onhmcnmr a d s  0.3 m 
h i m m l l y  h the wdl Q i  M228).  


~a-dpi~.u.nqirloulod~Mddcthc@~~thcrhr 
b d h u d c v d o p d " d ~ ~ " d v p a n d u , ~ t h c B m M d -  
.ppmamrmyl.~mfrmthcrcll .Tbcrmrofpmabilitymh.lrrmemisvay~in 
( r i  ~ . 2 3 a )  w thc r+m of* p w ~  -d in F- ~ ~ ~ 3 2 ) .  
A R a l l S O s o f i n j d m t i n + . t r ~ l b l p d y * l d m o . h u h r m D d t M ~  
~ y o . m 5 m ~ d ~ y o O o 3 ~ m u p v n d r h t h s m p D f t b c  
inj& imerd pi- A5.251 d A5.252). A lhcu bad hu famrd - tbs upper 
.urhcc ofthe yield mrx. Thc c&sliw 5res# ( F , ,  A5.253, A5.254. ",d AS.255) b 
r r d u d i n t b c r g M l o f l o i l ~ y i d d ~ h u & . n d . n d h i ~ h h u m M p ~ n  
m- (Figm N.256). Thc rmp ntio W g m  A5.257) is gmDIt nar tbc cme, 
pahMcroftbcyieldmnc.'Ilrmo.ofpamrrbility~mad..ppmximudy 
0.06 m ht l r  rdl T i  A5.258). 
211 
~ l l 5 s o f i n j ~ t i n + ~ y i d d w 1 1 ~ h u ~ r d ~ i s ~ ~ M u n d t h s w c l l  
~ ~ s a ~ ~ y O . 0 9 n ~ I t t h c t a p o f t h i n j c s l i r m ~ ~ ~ -  
AS.261 mdA5.262) T ~ ~ s k r b a n d s  b . v c ~ w b i c h o r i ~ j u n ~ &  
Mow t h !  top and bntom of tbc injmion imml. Ihc cffcctivc rtrr.. (Figure A5.263, 
A5.264, & AS.265) is rohrsd m th Won of- pmc prcarurc (Figdm A5.266) 
w h y i c l d i o g h u o m u n d . ~ c o T t h r r m c o f h . r r u r d p a r r ~ ~ i r ~ w ~  
o f ~ p m c ~ ~ ~ c f f c c t i v c r m r s b u ~ . T b a 5 R & ~ ( F i  
N . 2 6 7 ) k l p e a a t - t h s ~ ~ d t b c W m ~ p Y t i ~ I t ~ t i p o f t h  
- s k r ~ . I h c - o f ~ ~ d s . w m ~ o . o 9 m h a n  
th wcll (A5.268). 



Afls 2302 r of@wiolltim+ a yield - 6u rormcd th.t .%xteah 0.1 m 
D Y N Y P d l ~ t h c ~ o a i m i m s n l ( F ~ A S . 3 1 1  and M.312). h a r e m  M y  
~ ~ b . l d s ~ t b c y i e l d m l y b o - . i t - U u b v l d ~ ~ y b c ~  
m ~ a t k t o p d b a t o m o f t h c ~ ~ . T b a c h u b m ~ m & ~  
o f r a l a t k ~ ~ . T b c ~ r t r r u ~ ~ A S . 3 1 ) . M . 3 I ~ . n d M . 3 1 5 ) i s  
~ b t k ~ o f d ~ y i c I ~ h u ~ ~ w h k h 6 u ~ ~ p w c  
~F-M.316).%Bcpntio(TgaeAS.3lhugnMn~tbo~~ 
oftbcy*ldmnTbcmrdpcrmsbilitycnh.lramcmmeadr.ppmdrrmclyO.O7mhm 
the& WgaeM.318). 
Them vu M y*ldiog .Ra 1420 s f l i o n  u i d h o d  by C- A5.321 a d  N . 3 2 2  
~ l u u S v a y d ~ d ~ c a s c t i v a r t r r r r ( r - A 5 . 3 2 1 . N . 3 Y 1 , A 5 . 3 Z )  
~ t b c p o ~ o f M ~ r b s c t b c p n c p a n m ~ ~ r l i ~ ~ ~ ~ M . 3 Z 6 ) .  
The stress mio Utbc point of hjeclLm i ody n m & d y  inma%ed T i  M.327). NO 
-eahmmwM w obrrvsd(p- A5.3211). 



A broJrdmn ofthe 38 d shnrlwiom surid out durhg U s  rady is  Y (OUOM: 
cHAPlZR6 - DISCUSSION 


e r n s ~ w ~ . r ~ ~ ~ u t b c ~ ~ w 4 . 1 8 ) ~ m ~ ~  
s s l r P * d y i n t b a o n . a d ~ ~ f o r m g a o f t b o ~ ~ . T h c b d t i . l  
j l l m p i n ~ r h m b F ~ 4 . l S . m M o d ~ t b c ~ d r u ~ p i o r W t b c  
~onpump~rsaslrdon.ItrbdavrdmamcBDarnerortbi.on-rmtSE*rmty 
l o w t M t h s ~ o f B v i d E 0 1 * t m L p l . o c ~ ~ p n c - ~ t b e d . B u c d ~ ~ ' ~  
= m L P ~ u = 4 9 ~ s ' = O ~ ~ ~ = 4 ~ , 9 q . o d K = 1 . 5 , t h m i a i m u m - ~ ~ ~  
r r s u i r r d t o u r r c ~ i s s 5 k P a I h m ~ p ~ ~ t b c ~ o n  
- 28 kPL No yiddhg of soil M duing tbc FLAC s h d a I k m  Of CCFS04M B i  
M 3 6 l ) . ~ t b o ~ i n j ~ ~ f r o n ~ ~ o n w U ~ ~ U ) t b c  
~ ~ d u i n g t k ~ t e r r .  
h a d d i I i m t o t m ~ ~ a , n d ~ n b n o * r i n v o M B m v  
h c t b c p o r r - w a h M l a o r m f l ' d d i a g o f t b c d ~ t b c ~  
imhsdiw CCFS03S m m 1 .  CcFS03K. CCPSrnL, c m u  mdccrSo4N. hi,, 
rorkta trucp" ided imAppdiX5 .  

~ ~ h u t e g u a ~ t b c ~ - 5 t h s t m d b a t o m o f t h c  
injstim hted mguc 6.10). h the case of CCFSOZG, iaiti.l yielding ocommi due ta 
. h . r i o e . ~ y i ~ n u y b s e a b s r i a r b o . r n i n t ~ o r I h c m o d c d ~ i r  
d ~ o n t h c ~ i n d @ r t r r r * t k a i l l m D g b ~ ( c ' . + X m d t h c ~ p t h  
W r c n t o ~ y i d d ~ .  
T b ~ o f ~ d ~ ~ i a j s t i m P I U ~ d e . d d i t i ~ ~ ~ p p o n f o r t h s ~  
of rn yield 5 ths top ad bottom of thc inj& imanl. fn FLDTSTI, p o a a  
a u y . t M n ~ t h a t k d p m s ~ a ~ t b r r o p d ~ ~ h t e d ( s e e F l s u a  
3.9). ofthe -*tests ourid mia S p m h h  k d h  CCFSOIA ( F i i e  4 SO) 
a d C C F S O l D ( F i - 4 . 5 6 ) M d p ~ ~ h b n h t h c m p m d ~ o f t h c  
ystim interval; CCFSOZF @iyn 4.61) d CCFSmG (Figure 4.63) hd a dp ma 
-xi* h n  t k  bottom of thc iajstim imcml, ad CCFSOlB T i  453) .ad 
c c ~ s o ~ c @ ~ 4 . ~ s ) k b h d ~ d y c m r t ~ j u a ~ t b r t o p o f ~ ~  
i n t a r n l . T h e & o u o ~ t a D ~ a v i d - o f u v i y ~ m @ e . a W  
mm of dysd .oil unovadiag the ,,oh of i"jmim). hama, CCFSOZE 
@a 4.59) .ad CCFSOW ( T i  4.64) slch lud I dyc mrt i d a h g  .bWt hdf-vay 
- the top of& in,& i n d  ad thc mad &. h bnh of the% d% the 
~ s t i m E ~ d m ~ u p . l o l q l t b c . o i V d i m ~ f o r a s u b a u l l i . l ~ M m t k  
d ~ m a b g . l l t o c x t a d ~ ~ s .  

. " h * b * ~ d ~ d ~ - ~ ~ ~ k . ~  
~ . T h e ~ o f ~ h v n u s n q v i r r d m m c ~ a d v u ~ . b r u f f  
~ I h u - l n a l o f p t h ~ ~ b . ~ h i e v D d ~ ~ e r h c m m t  
~ . S b r d i r p ~ c n n x i m M w h m e h n a a . d ~ i n t b s a * l  
~ o f u p w t u o ~ o f ~ . m ~ w n a m a u n d i n .  
M m  pdld to thc indusod rbar band. but should b &+Uaidy gata tbvl in tk 
uri.ldirwh. 
T b c ~ o f ~ ~ ~ s v i t h i n t h o r h m ~ a n r i n M t i g m a d ~ t b s  
d d ~ a n i d m u ~ ~ t h c * t o r t & u h ~ K R U N O ,  
K R u N I . K R U N 2 , d K R U N 3 , t b s ~ o f ~ ~ d u c m ~ r h m  
stmb wu mid by &am of 1.10.100 ad 1000, mpaivdy. Tbc rrulU of tbcr 
~ ~ ~ d t b m ~ ~ ~ ) ~ ~ t h c y a l d m a e . r a m d ~  
W o n d m p r i m u l h . b y a u v i t y ~ ~ ( ~ P i ~ y ~ M . Z ) d n o r h r r  
b . l d i q g w u & d A s t h e ~ . u u . I I ~ ~ m ~ ~ ~ m a e r w b a c  
t b s p l M i c r h m s t m b ~ m m e ~ ~ ~ B c u b . l d . ~ ~ ~ r s Q a t e d  
svithinthe roil (rcc F- AS.12, M.22 d M.32). Tbc *& of. rhmb.ld wu 
found to ruy d e p d k @  on the d- of- mbmmem u d .  Whao the 
~ s o f t b c ~ ~ v u d ~ c x I O ) , t b c ~ M t e n d c d t o b c  
~ t h i ~ ~ w A S . 1 2 ~ d ~ ~ ~ o f t h c ~ ~ ~ 1  
smter(ir x l M ) . t b s ~ b n d a n r l u b a t m n i . l h r ~ ( F ~ N . 3 2 ) .  




e o m c c p s o l c ) . Y ~ w i l h i n ~ - ~ ~ ~ ~ ~ u t b s o i l ~ * t e d . a d  
deform4 mikdly dmiw tb iajktioa -. This yield rmr dewlops lad.r Kc1 
~ o n d u c m ~ m m b h u t i o n o f v a t i u l r m o ~ d ~ r a r r u ~  




: in tangential effective a s s  at F I W  s (CCFSOZG) 
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? 0.7. - 
g 0,s. - 
L 0 2 6 .  
oao, 
. 
- .  - 
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Chm@q th depth of Ur kjdo. nna m y  have 8 r m i d  inaucllcc on Ur irjdoll  
p m a a ~ t o ~ i n t b c ~ o f t h ~ ~ ~ , ~ ~ ~ d t b c p i n ~ r l ~  
do, K. lhc of dm& tbcr pamaon is dimmed Imer in s m h  6 . 3 .  - Soil 
stmslf.tc 

Cb.mber taO 3FRACS .nd 3ERAC6 m add out n a hi@ g b m  rate d 
~ . p o M ~ 0 1 ) t b o ~ * n t h e ~ o T ' ~ ~ " . T h e ~  
~ o f ~ t w t c . u ~ d a P & I - * & ~ i a ~ t k . n * ~ d h  
~ ~ . n d l k w d I ~ " m o d d l e d ~ m n d ~ t h c ~ ~ f t h s l o t .  
W b r a t b c & ~ f t h ~ u l ~ ~ ~ ~ w i t b t b c m d m . a i s ~ t h t  
t b c ~ r e a m d p & i n j ~ ~ ( 6 8 1 L R F o r - d 7 5 8 * R T o r  
3 F R A c s ) n . u b d W l o s r r r t h . n t b o u d n ~ ~ y  (42SOkPsTor3PRACS 
d ~ ~ f w 3 F R h c s ) n b c r r . n m e j v c E n a y ~ 0 1 1 ~ l m u u ~ .  
? h p ~ d n . p p u r t o ~ m ~ r i o l d - t o ~ U t h c R s c o f t h e ~ V m  
s v i t b o u t f h a ~ t h m u & t h c E N a y ~ ~ t h m ~ ~ o b a r n d h p r r v i o u s t a t r .  
Fweumpk.Aa.~lybr.T~&pridtbc.tnansimMuDd*dwiUIWP" 
fwmsdsknnuyrrsembhthl~hF~6.21),~.Rertbs-Minj& 
p . . i o d t b c a u ~ P M m d . d w i U I . p ~ r l o t , " . y b s m 0 1 c ~ w F i 8 "  
6 . z b ) h ~ a m o € ~ ~ h ~ y f o d . ' I h c i n j s s l i o n ~  
~ m m d t h c y i c l d ~ b c y d t b c p M d 0 1 i s l c r r t h w d d b e ~  
t o ~ t i u e ~ U ~ ~ U a a r n . l a  

Tbc velocity a ubieh Euid -st he injcclsd into a snlRarr to gcoaac rufScimd pore 
~ r c l t o u u a y i d s m s o f t h c m l k ~ m u c h d e p r d c n t o n t h e h ~ c ~ v i t y  
ofthe d. Iftbc soil is dmdemte to high -. it i s  unlikely th.1 W inj& bto 
~ w d t b o r e r n a l a r ~ ~ ~ ~ p o r a ~ t o s w a ~ o f  
t h e d . % - l o i l ~ a a ~ E h h i ~ ~ s b b n v e l + , ~ , r m y W o p  
Z M  
a r c u ~ ~ ~ t o ~ ~ o f t h c d . I n j S t i r n t a U f n ~ S O 3 ( L  
J . ~ . n d L ) - M * d m ~ t h c ~ r r O ~ d ~ m R c . ~ t C I U f o r ~ l  
( & B , c , D ) . C m S 0 3 t a u ~ u n i d m h a t a t k d ~ h a & m n  
pamsb*ty*ltu~-CCFSOlto*rwaccurirdmhlov~~S~ 
k d i n  d.y. S i i  yielding a c c m p i d  by thc Bdrn Of exwmivc pdm.r 
d i ~ ~ w u o b d i n . U f o u r & y ~ . L l h c a i l t y ~ t o t t g n o ~ e s  
m o b a M d ~ p a t - P n Q c L ~ m d a r o m ~ r i ~ d i d ~ ~ ~ ~ , a a r u ~  
a a d - ~ f a i l d j - t t h c ~ .  
A ~ ~ o f v i r l s h a m u n s d i n ~ l u r r i u l ~ t a K a r ~ 3 I  
C C P S 0 4 N u d m S T 2 . ~ t a m M p r r w a ~ j u a 8 r r m r t h v l U K t o W  
~ m - a r i u l . n i n j ~ d o 0 ~ 1 2 6 9 u d 2 1 9 1 . D i ~ - m  
obrrvcd in CCPS03L or CCFSCl4N. -, it is posiic thn they nry h f o d  aeu 
t h s v r l l b u t - ~ ~ o t v i s i b k ~ U ) t b c I . g c ~ ~ d y c i m o B e r o i l d u r i a g t h c  
injedim u*. DuMg CIUY~~.,,, of m s n .  rrrrr wcn obravrd madins 
1ppmxktdy1.5 m ~ n h w r d r B o l n t h c ~ o a v r l l ( ~ F i 3 . 1 3 ) .  
TslsCCFSOl (A, B, C, D) ud CCFSM (E, f. 4 H) unird out in S p w b  kaolin J.Y. 
h . d ~ ~ ~ ~ ~ I . I a n ~ d o o f ~ . m 1 . 7 a  
m i n j r s t i o a d a d 4 M 0 O I n t b a c d a y t a r t 5 t b a o i s * v s y ~ ~ i n ~  
vith- w~ntL-~. .  . q " M a m k v u i o d ~ t m ' , t b s d  
~ o f t b c d ~ m c + . s u n n b e D n n p r c d ~ . I t ~ ~ ~ , t h . t U K p b  
M ofth dis=odmkia (T& 4.8) imnawd T& with imcujngqscion mr 
T h c n r u h r o f ~ r i m u I . t i O I U ~ w t b c ~ ~ f t h c y i r ( d D D ( Y d t h o p o n  
m---aarha'--.T..tzFRA&didWWe 
t h c ~ ~ m y e t ~ p c ~ l r r ~ o f ~ y + 1  rrtobland.Rcrwn 
~ o f ~ I . n d 2 r v a c o b r a r v s d i n n a r 2 1 R A C Z b . a d Z F l U C 3 a , m d t b c  
~ a l ~ ~ o & ~ y i e M n n r ~ . N v n v r i ~ ~  
k d i u t o d m d c n D y i e M ~ d e v d ~ ~ 2 1 R A C 2 e d ~ b d ~ ~  
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APPENDIX 5: RESULTS OF lVUMERICAL SIMULATIONS 
The mrvltsof numcncnl nmulauonrof thechambertests are presented m Section AS.1, rlmulations 
ofthe held Isre are presented in Secrlon A5.3. m d  simulruonr ofrhe eenmfuge tests arc prrscnrcd 
in Secrxon 45.4 The results ofcach rxmvlnl~on p r r~n rcd  ~n asencsof 10 f iqrer  thllmcludcr 
ploli ot 
the extent of the lleld zone at the end of injection lor u some tlmc r )  
plaruc r h e a  rtnrn at the end ~njectian lor at some ume I) 
the change ~n hanzonul cffeclmvc rmr r  due lo fluid injection 
rhc chsn~e ~n venlcnl cffccri\e stress due to fluid nnjocr~an 
the c h m ~ e  ~n rrnpnrlal effccrlve stmsr due to fluld injection 
rhe c h a n ~  1" pax pressure due to fluldlnjeetlon 
the pnncipd stresnuo (honzonral tovcnicd effective ruerr)rttheendofinjection 
(or at some rime t l  
reglon of pmvablllty enhancement due to rheuinp 
harroncr rhowinprhc de\elopmrnr ofpore prcsrures duringrhc tnlection p n a i  and 
hisroner shau~ngsmrr p~ rh r  of roll clcmcntr during the cnjenian priod. 
In FLAC. porlulvc stresses ~nd!cmc renrlon andne~arxvermrwr #ndicalccamprernon. P a ~ l r l ~  pore
pierrums ue prercnrcd with r p x s ~ v e  sign. Whcrc changes in  rmsr arc p l o w  n polllive rtrerr 
indlcxer thar the magnlrndc of the mmprerrivc rucu hls & r e d .  and a negative SMrl  
shanp ~ndiczirer har thc mrglrudc or the compmrxvc stress has insrcacd. A pminvc change in 
pore pierrvie indrcnrcs an xncrcaw tn pore persure, ansgativschanp indicates areducrion in pore 
pressure. ,411 figurer ploncd as ourpur fmm FLAC urc this sonvcntion. Figurer wtuch were not 
demcd from FLAC (i.c. rmr r  path plorr ~n thlr nppndir) use the nmllon where comprerrlve 
rrrerwr are por~tlvc md tenlnle stresses arc nsgaive. 
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